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Summary

The glucocorticoid-induced leucine zipper (GILZ) is an immunomodulatory
protein playing a pivotal role in macrophages' immune response. The aim of the
present studies was the investigation and role of GILZ in different settings: The first
part of this study focused on the function and regulation of GILZ in aging and
macrophage activation. The term “inflammaging” describes the acquired state of low-
term chronic inflammation contributing to an age-related imbalanced immune
system. The elucidation of impaired glucocorticoid metabolism and reduced levels of
glucocorticoids (GC) in the myeloid compartment of aged mice resulting in a

dysregulated immune network was part of this study.

Second, this study focused on statins' effects on GILZ. Statins represent the most
prescribed class of drugs for the treatment of hypercholesterolemia as the underlying
condition in cardiovascular diseases (CVDs). Besides lipid-lowering actions, statins
exert muscle-related side effects and are postulated to mediate anti-inflammatory
actions by mechanisms not fully elucidated. Statins can induce GILZ in skeletal muscle
and macrophages. The study revealed mechanistic aspects of Gilz-upregulation and
the involvement of the mevalonate pathway in macrophages in vitro and ex vivo as

well as the mediating role of GILZ in statin-induced muscle damage in vitro and in vivo.
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Zusammenfassung

Der Glucocorticoid-induzierte Leucin Zipper (GILZ) ist ein Protein mit
immunmodulierenden Eigenschaften, welches eine wichtige Rolle in der
Immunantwort von Makrophagen spielt. Ziel der vorliegenden Studien war die
Untersuchung von GILZ in unterschiedlichen Ansdtzen: Die Rolle und Funktion von
GILZ wahrend des Alterungsprozesses und bei Makrophagenaktivierung war
Bestandteil des ersten Studienteils. Mit zunehmendem Lebensalter verdandert sich das
Immunsystem hin zu einem entziindungsahnlichen Zustand. Die Untersuchung im
myeloiden Kompartiment von gealterten Mausen zeigte, dass reduzierte
Glucocorticoid (GC) Spiegel und ein veranderter Glucocorticoidmetabolismus Teil

dieses fehlregulierten Immunnetzwerkes sind.

Ein weiteres Ziel dieser Studie war die Untersuchung des Einflusses von Statinen auf
GILZ. Bei Statinen handelt es sich um die meistverordnete Gruppe von Arzneimitteln,
die bei Hypercholesterindmie eingesetzt werden. Neben ihrer lipidsenkenden
Wirkung werden Statinen auch muskelschadigende und anti-entziindliche
Eigenschaften, deren Mechanismen nicht vollstandig geklart sind, zugeschrieben.
Zunachst wurde gezeigt, dass Statine Gilz in Muskelzellen und Makrophagen
induzieren kann. Es konnten mechanistische Aspekte der Gilz Induktion unter
Beteiligung des Cholesterolsyntheseweges in Makrophagen in vitro und ex vivo, sowie
die Beteiligung von GILZ an muskelschadigenden Eigenschaften in vivo und in vitro,

gezeigt werden.
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1. Introduction

1.1. Innate Immune Response

1.1.1. Macrophages, Inflammation, and Cardiovascular Diseases

Macrophages were first described based on their phagocytotic nature by
Metchnikoff in 1883 and are a milestone in the discovery of the immune system
(Metchnikoff, 1883). Later on, they were classified as part of the mononuclear system
as phagocytotic cells of the innate immune system (van Furth, R. & Cohn, Z. A., 1968).
Macrophages belong to the first-line response of the immune system and are tissue-
resident or recruited to the tissue. They are able to detect, engulf, and destroy foreign
invaders as well as remove cell debris and maintain cell homeostasis (Lavin et al.,

2015).

Macrophages recognize microbial invaders by pattern-recognition receptors (PRRs)
detecting viral or bacterial pathogen-associated molecular patterns (PAMPs) such as
the gram-negative cell wall component lipopolysaccharide (LPS). Recognized
structures comprise toll-like receptor (TLR) families, nucleotide-binding
oligomerization domain receptor (NLR) families which are expressed on the plasma
membrane and/or on endosomes as well as nucleus-associated receptors (Brubaker
et al., 2015). The first Toll protein was found in Drosophila melanogaster and was
characterized by its genetic similarity to the interleukin (IL)-1 receptor as well as its
actions via similar signaling pathways hinting towards the involvement of TLRs in
innate immunity (Gay & Keith, 1991; K. V. Anderson et al., 1985). To date, the TLR
family belongs to the most conserved receptor family mediating innate immune

responses.
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Macrophages can be activated by various TLRs: Representatives are TLR1/TLR2
heterodimers for recognition of peptidoglycans and lipoproteins, TLR3 activation by
double-stranded ribonucleic acid (RNA), as well as TLR4 homodimers activation by LPS.
TLR4 activation occurs either in a MyD88 (myeloid differentiation factor 88)-

dependent or -independent manner (Leifer & Medvedev, 2016).

Macrophages have multiple functions: antigen-presentation, phagocytosis, and
immunomodulation during acute inflammation but macrophages are also important
mediators of the inflammatory resolution (Fujiwara & Kobayashi, 2005). Beyond their
function as part of the innate immunity, macrophages are critical for physiological
functions such as homeostasis, remodeling, and tissue repair (Zhang et al., 2021). They
mediate their functions by secretion of different cytokines, interferons, growth
factors, and messenger substances. Due to their involvement in many physiological
functions, they are also pivotal players in the pathogenesis of all major diseases, e.g.,
chronic inflammatory diseases, cardiovascular diseases (CVDs), and cancer (Ardura et

al., 2019).

Figure 1 shows the pathogenesis of atherosclerosis, describing the accumulation of
low-density lipoprotein (LDL) in cells of the intima of blood vessels (Gistera & Hansson,
2017). During progression, the LDL retention attracts monocytes - precursors of the
macrophages in the circulation - resulting in their transmigration in the intima of the
vessel wall. The release of growth factors, such as granulocyte-macrophage (GM) and
macrophage (M) colony-stimulating factors (CSF) results in the transformation to
macrophages and uptake of chemically modified LDL finally fuelling the maturation of
dysfunctional, non-resolving macrophages, namely foam cells (Moore et al., 2013). In
response, macrophages release inflammatory cytokines such as interleukin IL-1 and
tumor necrosis factor (TNF), thus, driving inflammation (Beuscher et al., 1990; Moyer
et al., 1991). The progression of atherosclerosis leads to the formation of plaques
characterized by a lipid core, fibrous cap, and infiltrated immune cells (Bentzon et al.,
2014). The thickening of the vessel wall results in the narrowing of the lumen and with
increased severity to sudden ruptures. Atherosclerotic events affect the entire
cardiovascular system, causing cardiovascular diseases and might even result in

2
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deathly myocardial infarctions or strokes, and, thus, are the leading cause of deaths
worldwide (https://www.who.Int/News-Room/Fact-Sheets/Detail/the-Top-10-
Causes-of-Death, 2021).
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Figure 1: Overview of the immunological actions within an atherosclerotic
vessel and the formation of an atherosclerotic plaque. LDL, low-density
lipoprotein; GM-CSF, granulocyte-macrophage colony-stimulating factor; M-
CSF, macrophage colony-stimulating factor; IL1-B, interleukin 1B; IL-6,
interleukin 6; CRP, C-reactive protein (Gistera & Hansson, 2017).




Introduction: Innate Immune Response

1.1.2. Macrophage Polarization

MO0 macrophage
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Pro-resolving
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Figure 2: The dichotomy of macrophage polarization states and their mediated
main effects. TNF, tumor-necrosis factor; IFNy, interferon y; IL-4, interleukin 4;
IL-13, interleukin 13. Adapted from (Russell et al., 2019; Solinas et al., 2009).

The paradigm regarding macrophages as a single cell population was outdated
within the last decades and replaced by a dichotomy which described macrophage
populations according to their original activity as pro-inflammatory M1 and anti-
inflammatory M2 macrophages (Figure 2) (Italiani & Boraschi, 2014; Russell et al.,
2019). However, this describes the two extreme populations not representing the
plasticity and wide range of subsets implied. Macrophage subsets are characterized
by different genetic makeups, expression of receptors, cytokine expression patterns,
and distinct morphologies. Consequently, macrophage phenotypes are resident in
very different environments and are involved in different conditions of disease

(Biswas et al., 2012).
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Thus, macrophages can respond to different stimuli showing temporally different
phenotypes and allowing a tailored response according to their microenvironment.
M1 macrophages are called “classically activated” since they respond to LPS and
interferon (IFN)y. However, in atherosclerotic lesions, it is unlikely that bacterial
compounds activate an M1 phenotype. Particularly, endogenous TLR2 and 4 ligands
such as fatty acids, oxidized lipids, and IFNy activate this phenotype and the
transcription factor nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells
(NF-xB) mediates the up-regulation of pro-inflammatory genes resulting in the
expression of TNF, IL1B3, IL6, and different types of chemokines and chemokine
receptors as well as reactive oxygen species (ROS) and nitric oxide (NO), thus,
regarded as plaque-destabilizing and pro-atherogenic (Jinnouchi et al., 2020; Leitinger
& Schulman, 2013). In contrast, M2 macrophages are activated by Th2 interleukins
(1L4/1L13) as well as different lipid products and are supposed to promote the anti-
atherogenic phenotype (Adamson & Leitinger, 2011; Barrett, 2020). The expression of
their phenotypic markers like arginase 1 (ARG1), transforming growth factor-beta 1
(TGF-B), and mannose receptor C-type 1 (MRC1) are activated mainly via janus kinase
(JAK)/signal transducers and activators of transcription (STAT) pathways (Colin et al.,

2014).

However, the described M1/M2 paradigm is oversimplified and the rapid progress in
the development of new technologies within the last years implied new macrophage
subsets distinguishing them in the expression of surface markers, signaling pathways,

and gene expression patterns (Vallejo et al., 2021; Willemsen & Winther, 2020).
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1.1.3. Inflammaging and Immunometabolism

Aging is characterized by the deterioration of many physiological functions
including the immune system. Cellular senescence as part of the aging process was
first described in 1961 while observing cell cycle arrests in fibroblasts in vitro (Hayflick
& Moorhead, 1961). The accumulation of senescent cells and a proinflammatory
phenotype - termed “inflammaging”- describes one of the hallmarks of aging (Lopez-
Otin et al., 2013). Aging of the innate immune system is triggered by many factors,
such as ROS and elevated secretion of pro-inflammatory markers such as TNF, IL1, IL6,
and IL8, inducing metabolic changes and skewing macrophages towards M1
representing a state of low-grade inflammation which is termed “inflammaging”
(Franceschi et al., 2000; Fulop et al., 2016; Kuilman et al., 2010; Yarbro et al., 2020).
Consequently, inflammaging is associated with numerous diseases of the elderly such
as cancer, immune disorders, or chronic inflammatory diseases (Olivieri et al., 2018).
However, inflammaging describes two sides of a coin: Besides its detrimental effects,
the changes within the immune function are supposed to be necessary adaptions for
longevity and should rather be regarded as the coping strategy to combat a
dysbalanced immune system, especially in centenarians; aging is accompanied by the
expression of IL10 and TGF[ as anti-inflammatory mediators (Fulop et al., 2016;
Minciullo et al., 2016; Monti et al., 2017). Further, and in consequence of aging and
hypothalamic feedback regulation, an imbalanced glucocorticoid (GC) metabolism
characterized by elevated cortisol and decreased dehydroepiandrosterone (DHEA)

levels are described (Baylis et al., 2013; Genedani et al., 2008).




Introduction: Glucocorticoid Metabolism

1.2. Glucocorticoid Metabolism

1.2.1. Physiological Function and Regulation of Glucocorticoids

The hypothalamic-pituitary-axis (HPA) as part of the neuroendocrine system
orchestrates the release and regulation of GCs. Endogenous GCs belong to the class
of steroid hormones and are key players and regulators in a wide range of
physiological functions in the body. They mediate versatile immune and metabolic
functions, such as cell differentiation, cell growth, and tissue repair, and are involved

in cell homeostasis (Strehl et al., 2019).

The ubiquitous expression of glucocorticoid receptors (GRs) and the genomic and
rapid non-genomic expression of GCs underline their importance and versatile
functions (Stahn & Buttgereit, 2008). The loop of GC release is regulated by
hypothalamus stimulation and release of corticotropin-releasing hormone (CRH)
stimulating the anterior pituitary gland to secrete adrenocorticotropic hormone
(ACTH). The circulating ACTH and its binding to the respective receptor at cells of the
adrenal cortex results in the synthesis of GCs and, concurrently, initiates a negative

feedback loop (Figure 3) (Bellavance & Rivest, 2014).

Besides the systemic release of GCs, the enzymatic activity of 11p3-hydroxysteroid
dehydrogenase 1 (11p3-HSD1) is responsible for the regulation of GCs at the cellular
level. They catalyze the conversion of inactive cortisone to active cortisol in humans,
inactive 11-dehydrocorticosterone to active corticosterone in rodents, respectively,

thus, determining the bioactivity of the glucocorticoid (Draper & Stewart, 2005).
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hormone; ACTH, adrenocorticotropic hormone; GC, glucocorticoid; GR,

glucocorticoid receptor; 11B-HSD, 11B-hydroxysteroid dehydrogenase.

Adapted from (Tapp et al., 2019).
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GCs have been exploited for immunosuppressive therapy for decades representing a
powerful and cost-effective agent for the treatment of inflammatory diseases like
rheumatoid arthritis, inflammatory bowel disease, multiple sclerosis, and allergic
diseases (Strehl et al., 2019). Their genomic molecular mechanism of action includes
trans-activation of proteins like IkB (inhibitor of kB) and glucocorticoid-induced
leucine zipper (GILZ) as well as suppression of pro-inflammatory cytokines via trans-
repression of the transcription factors NF-kB and AP-1 (activator protein-1) exhibiting
GCs main actions. However, the repression of proopiomelanocortin (POMC) and
osteocalcin via cis-repression results mainly in GCs side effects (Figure 4) (Coutinho &

Chapman, 2011; Reichardt et al., 2021).

%&% cis-repression ic

%
MKP-1 POMC Cytokines
GlILZ Osteocalcin Chemokine
Ik-B

Figure 4: Mode of action of glucocorticoids. AP-1, activator protein 1; GR,
glucocorticoid receptor; GRE, glucocorticoid response element; IkB, inhibitor of
NF-xB; MKP-1, MAP kinase phosphatase 1; nGRE, negative glucocorticoid
response element; POMC, proopiomelanocortin.
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1.2.2. Glucocorticoid-Induced Leucine Zipper

D’Adamio et al. described the dexamethasone-inducible gene GILZ (TSC22D3)
in murine thymocytes encoded by a 137 amino acid (aa) protein with a molecular mass
of 17 kilo Dalton (kDa) (D’Adamio et al., 1997). Later, murine GILZ was identified in
different other cell types, such as monocytes, macrophages, myoblasts, and B cells in
splice variants of 201 aa, 43 aa, 80 aa length, and the 234 aa splice variant termed L-
GILZ (Bruscoli et al., 2010; Hoppstadter & Kiemer, 2015; Soundararajan et al., 2007).
The human analogue was complemented in 2001 characterizing hGILZ as a high
homolog of mGILZ (97% homology in the coding region, 89% in the entire mRNA) with
a protein length of 135 aa and a molecular mass of 15 kDa located on the X

chromosome (Cannarile et al., 2001).

The human GILZ promoter was characterized by transcription factor binding sites for
its transcriptional regulation, including six GREs (glucocorticoid response elements)
for binding of STAT6, nuclear factor of activated T cells (NFAT), Oct-1, c-myc, Forkhead
responsive elements (FHREs), cyclic AMP response element-binding protein (CREB),
and estrogen-responsive sequence and might require further interaction of the
transcription factor FoxO3 (Forkhead box class 3) (Asselin-Labat et al., 2004; Tynan et
al., 2004).

Besides the transcriptional regulation, there are post-transcriptional regulations such
as RNA binding proteins tristetraprolin (TTP) or HuR, by miRNA binding or
epigenetically (Bruscoli et al, 2010; Das et al., 2006; Healy et al., 2020; Hoppstadter
et al., 2016; Kuipers et al., 2005; Kumar & Reynolds, 2005; Lee et al., 2012; Massaro
et al., 2010; Matsumoto et al., 2004; Mroz et al., 2015; Tuomisto et al., 2019; Wong
et al.,, 2001).

10
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Figure 5: GILZ structure and its main domains for its binding activity and anti-
inflammatory actions. Raf, rapidly growing fibrosarcoma; Ras, rat sarcoma; NF-kB;
nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells. Adapted from (Ayroldi
et al., 2014).

GILZ is regarded as a key mediator of anti-inflammatory effects of GCs. As shown in
Figure 5 GILZ has three domains contributing to its anti-inflammatory actions (Ayroldi
et al., 2014). Mainly, the C- and N-terminal domains interact with the transcription
factors NF-kB and AP-1 or small proteins such as Raf (rapidly growing fibrosarcoma)
or Ras (rat sarcoma) mediating their immunosuppressive activity (Bereshchenko et al.,

2019; Mittelstadt & Ashwell, 2001).
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1.3. Cholesterol Metabolism

1.3.1. Statins

1.3.1.1. General Aspects

Statins, i.e., hydroxy-methyl-glutaryl-CoA (HMG-CoA) reductase inhibitors,
belong to the first-line treatment of CVDs as the leading cause of death worldwide
(https://www.who.int/News-Room/Fact-Sheets/Detail/the-Top-10-Causes-of-Death,
2021; Mach et al., 2020). Statins are therapeutic agents for the treatment of
hypercholesterolemia and atherosclerotic diseases as underlying conditions for CVDs.
Thus, statin prescriptions have been rising within the last years and statins are
nowadays the most prescribed class of drugs
(https://clincalc.com/DrugStats/Top300Drugs.Aspx, 2021). The first compounds with
hypocholesterolemic activity were discovered in 1976 as fungal metabolites from
Penicillium citrinum (Endo et al., 1976). Amongst all representatives in this class of
drugs the mode of action is the same: Statins interfere with the rate-limiting step of
cholesterol synthesis in the liver by competitively inhibiting HMG-CoA reductase,
resulting in a decreased hepatic cholesterol production, increased LDL receptor
density, and enhanced LDL clearance from the circulation (Figure 6 A) (Sirtori, 2014).
To date, there are two groups of statins known: Type | statins are natural or semi-
synthetic statins namely lovastatin, simvastatin, pravastatin, and the first discovered
mevastatin (also known as compactin). Type Il statins compile the group of synthetic
statins: Atorvastatin, rosuvastatin, cerivastatin, pitavastatin, and fluvastatin (Figure 6
B). Statins have a high affinity to their target with a Ki in a nanomolar range and the
HMG-CoA-like structure either in an inactive lactone form or in its active hydroxy-acid
form. In vivo, the inactive form is enzymatically hydrolyzed (Ward et al., 2019).
Branched moieties determine statins’ hydrophilicity/lipophilicity and thus are

responsible for their pharmacokinetics and solubility (Murphy et al., 2020).
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Figure 6: (A) Overview of the mevalonate pathway and the mode of action of statins and
bempedoic acid. The potential pleiotropic effects of statins are highlighted in red. (B)
Chemical structure of statins. Their HMG-CoA-like moiety is highlighted in red. ICso values
are indicated. Adapted from (Istvan & Deisenhofer). SLC27A2, very-long-chain acyl-CoA
synthetase 1; CoA, coenzyme A; HMG, hydroxy-methyl-glutaryl.
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1.3.1.2. Adverse Effects of Statins

Statins are effective agents for reducing blood cholesterol levels and show a
sufficient safety-risk profile (Grundy et al., 2019). However, they can exert adverse
effects ranging from peripheral neuropathy to renal and hepatic disorders as well as
statin-associated muscle symptoms (SAMS) and might be the reason for an alarmingly
high number of non-adherent therapy amongst high-risk patients (Macedo et al.,
2014; Taylor et al., 2013; Toth et al., 2019). SAMS are the most described side effects
of statins in the clinic and can be manifested as myalgia, myopathy, myositis with or
without elevated creatine kinase (CK) levels, or in rare cases as a severe
rhabdomyolysis (Stroes et al., 2015). SAMS are dependent on the class and dose of
statin but are not related to their cholesterol-lowering action. They were also the
reason for the withdrawal of cerivastatin from the market (Kobayashi et al., 2008).
The mechanisms of statins’ myotoxic action have not been elucidated in detail. There
are several HMG-CoA-dependent and -independent hypotheses contributing to their
explanation. These include the disruption of the mitochondrial respiratory chain,
increased ROS production, impaired isoprenylated proteins involved in the
RhoA/AKT/mTOR/PGC-1a (mammalian target of rapamycin/peroxisome proliferation-
activated receptor-y complex 1a) pathway as well as a genetic impact (reviewed by
(Vinci et al., 2021)). Several different genetic polymorphisms regarding statins’
metabolism, pharmacokinetics, and pharmacodynamics have been proposed but still
need to be further investigated regarding their causality. These include
polymorphisms in the metabolizing CYP enzymes as well as ABC transporters resulting

in an affected hepatobiliary clearance (Sirtori et al., 2012; Wilke et al., 2005).
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1.3.1.3. Pleiotropic Effects of Statins

Besides statins’ undesired adverse effects early clinical studies and
observations revealed that statins exert beneficial cardiovascular effects beyond their
cholesterol-lowering actions known as “pleiotropic” effects (reviewed by (Yu & Liao,
2022)). The effects are mainly attributed to endothelial cells, vascular smooth muscle
cells, platelets, and monocytes/macrophages and are supposed to be mevalonate-

pathway-independent and -dependent.

Clinical and basic research studies found that statins stabilize the atherosclerotic
plaque via impaired collagen content, increased plaque calcification, and reduced
matrix metalloproteinase production as well as increased expression of the
atheroprotective transcription factor Kruppel-like factor 2 (KLF2), which is also
involved in GR network (Aikawa et al., 2001; Fukumoto et al., 2001; Healy et al., 2020;
Nicholls et al., 2011; Tuomisto et al., 2019). Other studies showed an increased
expression and activity of endothelial nitric oxide synthase (eNOS), reduced ROS
generation, and antioxidant effects. Furthermore, decreased pro-inflammatory
cytokine secretion, such as IL1J, IL6, and TNF secretion were observed as well as
altered major histocompatibility complex class Il (MHC 1) expression and impaired NF-
kB activity (Ikeda & Shimada, 1999; Kuipers et al., 2005; Laufs et al., 2000; Wassmann
et al.,, 2001).

There are different molecular and cellular mechanisms proposed for statins’
pleiotropic effects. On the one hand, the literature describes physico-chemical
interactions of statins with cell membranes and thus, altered lipid rafts and membrane
fluidity exerting different effects according to the lipophilicity of statins (Murphy et
al., 2020). On the other hand, there are studies proposing interference in cellular
trafficking and signaling of small GTPases (guanosine triphosphate) as the main
mechanism. Inhibiting the synthesis of mevalonate, statins also prevents the synthesis
of isoprenoid intermediates, such as farnesylpyrophosphate (FPP) and geranylgeranyl
pyrophosphate (GGPP) (Liao, 2002; Nohria et al., 2009). FPP and GGPP serve as lipid

attachments for the posttranslational modification of small GTPases, such as Ras and
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Rho GTPases, thus influencing important cell functions (Goldstein & Brown, 1990; Van

Aelst & D’Souza-Schorey, 1997).
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1.3.2. Bempedoic Acid

The cholesterol-lowering agent was recently approved for the treatment of
hypercholesterolemia. Bempedoic acid, a small synthetic fatty-acid-like prodrug,
requires a liver-specific enzyme, the very-long-chain acyl-CoA synthetase 1 (SLC27A2),
for transformation into its active -CoA derivative and halting cholesterol-synthesis by
inhibition of the ATP (adenosine triphosphate) citrate lyase (ACLY) upstream of HMG-
CoA reductase (Figure 6 A) (Filippov et al., 2014; Pinkosky et al., 2016). Administration
of bempedoic acid represents a promising alternative treatment for patients with
statinintolerance or muscle-related side effects since the converting enzyme SLC27A2
is not expressed in the skeletal muscle (Honigberg & Natarajan, 2019; Laufs et al.,
2022). Notably, it has been reported that bempedoic acid has atheroprotective and
anti-inflammatory effects by stabilizing atherosclerotic plaques and reduction of CRP
as aclinical outcome (Baardman et al., 2020; Nguyen et al., 2021; Pinkosky et al., 2016;
Samsoondar et al.,, 2017). The proposed mechanism shows an inhibition of
macrophage AMPK (adenosine monophosphate-activated protein kinase) by its
inactive form thus decreasing a pro-inflammatory cytokine storm (Filippov et al.,

2013).
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2.Objective

GILZ is an immunomodulatory protein playing a pivotal role in macrophages'
immune response. Its regulation mechanisms occur on transcriptionally and post-
transcriptionally levels either by altered mRNA stability, miRNA binding, or
epigenetically mechanisms (Bruscoli et al, 2010; Das et al., 2006; Healy et al., 2020;
Hoppstadter et al., 2016; Kuipers et al., 2005; Kumar & Reynolds, 2005; Lee et al.,
2012; Massaro et al., 2010; Matsumoto et al., 2004; Mroz et al., 2015; Tuomisto et al.,
2019; Wong et al., 2001). However, gene regulation is dependent on different aspects
such as cell type, cell microenvironment, and pathophysiological state. Thus, this work
was concerned with the contribution to a better understanding of GILZ regulation in
aging and macrophage activation. The two projects and their respective results were
published in manuscript 3.1. “Amplified Host Defense by Toll-Like Receptor-Mediated
Downregulation of the Glucocorticoid-Induced Leucine Zipper (GILZ) in Macrophages”
and manuscript 3.2. “Altered Glucocorticoid Metabolism Represents a Feature of

Macroph-aging”.

Second, this study focused on statins' effects on GILZ. To date, the literature shows
controversial results regarding potential pleiotropic effects of statins and bempedoic
acid, such as anti-inflammation and myotoxicity (reviewed by Liao & Laufs, 2005).
Bruscoli et al. identified GILZ as a mediator of the anti-myogenic effects of
glucocorticoids (Bruscoli et al., 2010). Thus, this work focused on the effects of
cholesterol-lowering agents on macrophages and muscle cells linking GILZ to
potential pleiotropic effects of statins (Figure 7). The projects and their respective
results were published in manuscript 3.3. “The Glucocorticoid-Induced Leucine Zipper
(GILZ) Mediates Statin-Induced Muscle Damage”, in manuscript 3.4. “Statins and
Bempedoic Acid: Different Actions of Cholesterol Inhibitors on Macrophage

Activation”, and in the appendix of this thesis.
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Figure 7: Graphical summary of the aims defined for this doctoral thesis
regarding cholesterol-lowering drugs in macrophages and muscle cells.

In summary, the aims of this thesis comprise aspects of macrophage signaling
pathways focusing on the role of GILZ in the context of metabolic and age-related

factors as well as mechanistic insights of myogenic and anti-inflammatory statin

effects:

The impact of TLR agonists on GILZ regulation and identification of
GlLZ-targeting miRNAs in macrophages.

Il. Age-related changes in glucocorticoid metabolism and involvement of
GILZ during aging in the myeloid compartment of mice.

Il. Mechanisms of GILZ-mediated myotoxic actions of statins.

V. Characterization of the impact of statins and bempedoic acid on
macrophage polarization.

V. The effect of statins on GILZ in vitro, ex vivo, and in vivo and statins’

potential anti-inflammatory effect in macrophages.
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3.1. Amplified Host Defense by Toll-Like Receptor-Mediated
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Activation of toll-like receptors (TLRs) plays a pivotal role in the host defense against
bacteria and results in the activation of NF-kB-mediated transcription of proinflammatory
mediators. Glucocorticoid-induced leucine zipper (GILZ) is an anti-inflamsnmatory mediator,
which inhibits NF-«B activity in macrophages. Thus, we aimed to investigate the
regulation and role of GILZ expression in primary human and murine macrophages
upon TLR activation. Treatment with TLR agonists, e.g., PamsCSKs (TLR1/2) or
LPS (TLR4) rapidly decreased GILZ mRNA and protein levels. In consequence, GILZ
downregulation led to enhanced induction of pro-inflammatory mediators, increased
phagocytic activity, and a higher capacity to kill intracellular bacteria (Saimonella
enterica serovar typhimurium), as shown in GILZ knockout macrophages. Treatment
with the TLR3 ligand polyinosinic: polycytidylic acid [Poly(1:C)] did not affect GILZ mRNA
levels, although GILZ protein expression was decreased. This effect was paralleled by
sensitization toward TLR1/2- and TLR4-agonists. A bioinformatics approach implicated
more than 250 miRNAs as potential GILZ regulators. Microarray analysis revealed
that the expression of several potentially GILZ-targeting miRNAs was increased after
Poly(l:C) treatment in primary human macrophages. We tested the ability of 11 of
these mMiIRNAs to target GILZ by luciferase reporter gene assays. Within this small set,
four miRNAs (hsa-miR-34b*,—222,—320d,—484) were confirmed as GILZ regulators,
suggesting that GILZ downregulation upon TLR3 activation is a consequence of
the synergistic actions of multiple miBNAs. In summary, our data show that GILZ
downregulation promotes macrophage activation. GILZ downregulation occurs both via
MyD88-dependent and -independent mechanisms and can involve decreased mRNA or
protein stability and an attenuated translation.

Keywords: inflammation, MyD88, TRIF, NF-kB, cytokine, nitric oxide, phagocytosis, microRNA
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INTRODUCTION

Macrophages are strategically distributed all over the body
and represent the first line of defense to invading pathogens.
In response to bacterial or viral infections, these phagocytic
cells engulf and destroy the infectious agent. Macrophages
recognize a variety of microbial products, such as bacterial cell
wall components and nucleic acids, via pathogen recognition
receptors (PRRs). These receptors include Toll-like receptors
(TLRs), as well as cytosolic NOD-like receptors, RIG-I-like
receptors, and DNA sensors (1, 2).

Once a pathogen is recognized and phagocytosed,
macrophages generate a wide range of biologically active
molecules, e.g., pro-inflammatory cytokines, chemokines,
and growth factors. Cytokines released by macrophages, such
as interferons (IFNs), tumor necrosis factor (TNF)-a, and
interleukin (IL)-1o/, stimulate the activity of both the innate
and adaptive immune response. Pathogen uptake usually also
results in antimicrobial responses such as reactive oxygen species
(ROS) and nitric oxide (NO) production, thus enabling a rapid
response to infection (3, 4).

Activated macrophages can be deactivated by various
mediators, including IL-10, prostaglandins, G-protein coupled
receptor ligands, or glucocorticoids (GCs) (3, 4). Anti-
inflammatory factors such as IL-10 are also released by
macrophages themselves, and failure to produce these mediators
can lead to non-resolving inflammation (3, 4).

The Glucocorticoid-induced leucine zipper (GILZ) is an
endogenous inhibitor of immune responses. GILZ exerts its
anti-inflammatory activity mainly by inhibition of the pro-
inflammatory transcription factors nuclear factor (NF)-kB and
activator protein (AP)-1 (5-8). In addition, GILZ has been
implicated in the negative regulation of mitogen-activated
protein kinase (MAPK) signaling (9-11).

Early studies on GILZ focused on its effects on thymocytes
and T lymphocytes because of its strong induction by GCs in
the thymus (12). Several reports indicated that the pro-apoptotic
effects of GILZ overexpression in T lymphocytes mimic GC
treatment (5, 8, 12-14). Moreover, GILZ depletion attenuates
GC-induced apoptosis in B lymphocytes (15, 16).

Abbreviations: AMs, alveolar macrophages; AP-1, activator protein-1; ATA,
aurintricarboxylic acid; BMMs, bone marrow-derived macrophages; CFU, colony-
forming units; CXCL, C-X-C motif ligand; DMEM, Dulbecco’s modified Eagle
medium; ERK, extracellular signal regulated kinase; FCS, fetal calf serum;
GC, glucocorticoid; GILZ, glucocorticoid-induced leucine zipper; HEK, human
embryonic kidney; HMDMs, human monocyte-derived macrophages; GM-CSE,
granulocyte macrophage colony stimulating factor; IL, interleukin; INF, interferon;
iNOS, inducible NO synthase; KO, knockout; LPS, lipopolysaccharide; LTA,
lipoteichoic acid; MOI, multiplicity of infection; NF-«kB, nuclear factor-kB; MAPK,
mitogen-activated protein kinase; M-CSFE, macrophage colony stimulating factor;
MPI, Max Planck Institute; MyD88, myeloid differentiation primary response
gene 88; NO, nitric oxide; NOD, nucleotide-binding oligomerization domain;
PMA, phorbol 12-myristate 13-acetate; Poly(I:C), polyinosinic:polycytidylic acid;
PRR, pattern recognition receptor; RPMI, Roswell Park Memorial Institute;
ROS, reactive oxygen species; RIG-1, retinoic acid-inducible gene-I; STAT, signal
transducer and activator of transcription; TAT, trans-activator of transcription;
TNE, tumor necrosis factor; TLR, toll-like receptor; TRIE, TIR domain-containing
adapter inducing IFN-B; TTP, tristetraprolin; UTR, untranslated region; WT,
wild-type.

Lack of GILZ Amplifies Host Defense

In monocytes and macrophages, GILZ can be upregulated
by various anti-inflammatory factors, such as GCs, IL-4 or
IL-10, and the natural compound curcumin (6, 17-20). In
accordance with the GC-like actions of GILZ in lymphocytes,
GILZ overexpression in macrophage-like THP-1 cells results in
decreased expression of chemokines and macrophage activation
markers, as well as NF-kB activity upon treatment with the TLR4
ligand lipopolysaccharide (LPS) (6).

We previously reported that primary human in vitro
differentiated and ex vivo pulmonary macrophages express high
constitutive levels of GILZ (11, 21). Both siRNA-mediated GILZ
knockdown in human macrophages and GILZ knockout in
murine bone marrow-derived macrophages (BMMs) increased
the responsiveness toward LPS, suggesting that repression of
endogenous GILZ expression represents a positive feedback loop
in macrophage activation.

Little is known about the role and regulation of GILZ after
stimulation with other TLR ligands, e.g., activators of TLR1/2
or TLR3. The extracellular TLR1/2 heterodimer recognizes
bacterial triacetylated lipopeptides and their mimic, the synthetic
compound Pam3CSKjy. In contrast, intracellular TLR3 detects
double-stranded RNA, i.e., an intermediate in viral replication,
as well as its synthetic analogon polyinosinic:polycytidylic acid
[Poly(I:C)]. TLRs differentially activate transcription factors due
to the varying involvement of the adapter molecules MyD88
(myeloid differentiation primary response gene 88) and TRIF
(TIR domain-containing adapter inducing IFN-B). All TLRs
except TLR3 can initiate MyD88-dependent signaling, and
MyD88-independent signaling via TLR3 or TLR4 utilizes TRIF
for signal transduction (1, 2).

In the present study, we provide evidence for dual regulation
of GILZ upon MyD88- and TRIF-dependent TLR activation and
link GILZ expression levels with pivotal macrophage defense
mechanisms, such as phagocytosis and bactericidal activity.

MATERIALS AND METHODS

Materials

Cell media (RPMI1640, #R0883; DMEM, #D6546), fetal calf
serum (FCS, #F7524), penicillin/streptomycin (#P433), and
glutamine (#G7513) were from Sigma-Aldrich. Anti-GILZ
antibodies were obtained from either Santa Cruz Biotechnology
(polyclonal goat anti-GILZ Ab, #sc-26518) or eBioscience
(CEMKGI15, #14-4033-82). The anti-tubulin antibody (#T79026)
was obtained from Sigma-Aldrich. Anti-rabbit IRDye 680-
and anti-mouse IRDye 800-conjugated secondary antibodies
were from LI-COR Biosciences (#926-68071, #926-32210).
The anti-rabbit IRDye 800-conjugated secondary antibody was
from Rockland (#612-132-120). Anti-p44/42 (ERK1/2) mouse
antibody (L34F12, #4696S) and anti-phospho-p44/42 MAPK
(Thr202/Tyr204) rabbit mAbs (20G11, #4376S) were obtained
from Cell Signaling Technology. TLR ligands, i.e., ultrapure
LPS from Escherichia coli K12 (#tlrl-peklps), Pam3CSKy (#tlrl-
pms), lipoteichoic acid (LTA, #tlrl-pslta), and Poly(I:C) (#tlrl-
pic) were purchased from Invivogen. Phorbol 12-myristate 13-
acetate (PMA, #524400) and BAY 11-7082 (Cay10010266-10)
were from Cayman Chemical. BAY 11-7085 (#196872) was
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obtained from Calbiochem. Human M-CSF (#M6518), MTT (#
M5655), actinomycin D (#A9415), and aurintricarboxylic acid
(ATA, #A1895) were obtained from Sigma-Aldrich. Murine GM-
CSF (#130-095-735), M-CSF (#130-101-704), IFN-y (#130-105-
782), IL-4 (#130-097-761), and TNF-a (#130-101-689) were
obtained from Miltenyi Biotec. Primers and dual-labeled probes
were from Eurofins MWG Operon. Taq polymerase (5 U/pL,
#E00007), Taq buffer (#B0005) and the dNTP mix (#D0056)
were from Genscript. D-luciferin was obtained from Applichem
(#A1029,0050). Coelenterazine was from Biotium (#10110).
Restriction enzymes (BamHI, #R3136S; EcoR1, #R0101S; Sacl,
#R0156S; Spel, #R0133L) were purchased from New England
Biolabs. Other chemicals were obtained from either Sigma-
Aldrich or Carl Roth unless stated otherwise.

Mice

Mice were housed in a 12:12h light-dark cycle with food and
water ad libitum. Mice expressing Cre recombinase under the
control of endogenous Lyz2 (lysozyme 2) promoter/enhancer
elements (LysMcre mice, The Jackson Laboratory, #B6.129P2-
Lyz2tml(crolfo/]y ywere crossed with C57BL/6] mice bearing LoxP
sites upstream and downstream of Gilz exon 6 (11, 22) to obtain
myeloid-specific GILZ KO mice. Genotyping was performed
according to protocols provided by The Jackson Laboratory and
as described by Bruscoli et al. (22).

Cell Culture

Cell Lines

THP-1 (#TIB202), U937 (#CRL-1593.2), and L929 cells (#CRL-
6364) were obtained from ATCC and grown in standard medium
(RPMI 1640, 10% FCS, 100 U/mL penicillin G, 100 pg/mL
streptomycin, 2mM glutamine). THP-1 and U937 were
differentiated into macrophage-like cells by treatment with PMA
(100nM) for 48h. HEK293T cells (ATCC, #CRL-3216) were
cultured in high glucose DMEM medium with supplements (10%
FCS, 100 U/mL penicillin G, 100 pg/mL streptomycin, 2 mM
glutamine). HEK-Blue™ Nulll cells (Invivogen, #hkb-nulll)
were grown in high glucose DMEM medium supplemented with
10% FCS, 2mM glutamine, 50 U/mL penicillin G, 50 pg/mL
streptomycin, 100 pg/mL Normocin (Invivogen, #ant-nr-1), and
100 pg/mL Zeocin (Invivogen, #ant-zn-1).

Human Alveolar Macrophages (AMs)

AMs were isolated from human non-tumor lung tissue obtained
from patients undergoing lung resection. The use of human
material for isolation of primary cells was reviewed and
approved by the local Ethics Committees (permission no. 213/06;
State Medical Board of Registration, Saarland, Germany). The
informed consent of all participating subjects was obtained.
Isolation was performed according to a previously described
method (23) with minor modifications. After visible bronchi
were removed, the lung tissue was cut into pieces (~1 cm’) and
washed at least three times with BSS (balanced salt solution;
137mM NaCl, 5mM KCI, 0.7mM Na,HPO,4, 10 mM HEPES,
55mM glucose, pH 7.4). The washing buffer was collected
and centrifuged (15min, 350 x g). Erythrocytes were lysed
by incubation with hypotonic buffer (155 mM NH4Cl, 10 mM
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KHCO3, 1 mM NayEDTA) for 2-5min at 37°C, and the cell
suspension was washed with PBS (137 mM NaCl, 2.7 mM KCl,
10.1 mM Na;HPOy4, 1.8 mM KH,;PO4, pH 7.4). Cells were
resuspended in AM medium (RPMI 1640, 5% FCS, 100 U/mL
penicillin G, 100 pg/mL streptomycin, 2 mM glutamine), seeded
at a density of 0.5-1 x 10° cells/well into a 12- or 6-well plate
and incubated at 37°C for 2h. Adherent cells were washed at
least 5 times with PBS, and cells were cultured in AM medium
overnight before further use. AM preparations were 95% pure
as assessed by flow-cytometric analysis of intracellular CD68
expression (23, 24).

Human Monocyte-Derived Macrophages

Monocytes were isolated from healthy adult blood donors (Blood
Donation Center, Saarbriicken, Germany) and differentiated
with M-CSF as described in Dembek et al. (25). The use
of the human material was reviewed and approved by the
local Ethics Committees (permission no. 130/08; State Medical
Board of Registration, Saarland, Germany). Peripheral blood
mononuclear cells (PBMCs) were isolated by density gradient
centrifugation using Lymphocyte Separation Medium 1077
(Promocell, #C-44010) and Leucosep tubes (Greiner Bio-One,
#227290) as recommended by the suppliers. After washing with
PBS, monocytes were purified from PBMCs by magnetic cell
sorting using anti-CD14 microbeads (Miltenyi, #130-050-201)
according to the manufacturer’s instructions, except that 10% of
the recommended bead amount was used (25). Monocyte purity
was > 95% as indicated by CD14 expression (data not shown).
Monocytes were seeded into 12 well plates (5 x 10° cells/well)
and differentiated into macrophages in RPMI 1640 supplemented
with 10% FCS, 100 U/mL penicillin G, 100 mg/mL streptomycin,
2mM glutamine, and 20 ng/mL M-CSF at 37°C and 5% CO; for
7 d. The medium was changed every other day.

Murine Bone Marrow-Derived Macrophages (BMMs)
BMMs were obtained from 8 to 12-week-old male wild-type
(WT, LysMCre+/ */floxed GILZ/Y) or GILZ knockout (KO,
LysMCre™/*/floxed GILZ'/Y) mice as described previously
with minor modifications (11). Femurs and tibias were flushed
with standard medium (RPMI 1640, 10% FCS, 100 U/mL
penicillin G, 100 pg/mL streptomycin, 2 mM glutamine). After
centrifugation (10 min, 250 x g), erythrocytes were lysed by
incubation in hypotonic buffer (155 mM NH4Cl, 10 mM KHCO3,
1 mM NayEDTA) for 2 min at 37°C. Cells were washed with PBS,
resuspended in standard medium containing M-CSF (50 ng/mL,
30mL per preparation), transferred into a 75 cm? culture
flask and allowed to adhere overnight. Non-adherent cells were
collected and cultured in a 150 cm? culture flask for another 5 d
in M-CSF-containing medium. Differentiated cells were detached
with accutase (Sigma-Aldrich, #A6964), suspended in standard
medium supplemented with 10 ng/mL M-CSF, and seeded into
96-well plates (7.5 x 10 cells/well) for TNF measurements
or into 12-well plates (5 x 10° cells per well) for all other
applications unless indicated otherwise. BMMs were > 95% pure
as indicated by flow cytometric analysis using an antibody against
F4/80 (data not shown).
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MPI Cells

MPI cells, i.e., non-transformed self-renewing primary murine
macrophages, were obtained from WT or GILZ KO mice
based on a previously described method (26). MPI cells
were prepared from fetal livers of 15-d-old mouse embryos
by pushing the tissue through 70pum cell strainers while
washing with PBS. Cells were washed once with PBS and
then resuspended in standard medium (RPMI 1640, 10%
FCS, 100 U/mL penicillin G, 100 pg/mL streptomycin, 2 mM
glutamine) supplemented with 30 ng/mL GM-CSF. Proliferating
cells were subcultured by splitting them 1:5 after 6-8 d. Cell
preparations were > 95% positive for macrophage markers
F4/80 and CD68, as indicated by flow cytometric analysis
(data not shown). Cells were seeded into 96-well plates
(4 x 10* cells/well) for determination of NO release or
into 12 well plates (2 x 10° cells/well) for phagocytosis
assays.

Determination of Cell Viability

The MTT colorimetric assay was performed to ensure that
non-toxic concentrations of U0126, BAY-11-7082, BAY-11-7085,
and ATA were used. Cells were incubated for 24h with the
test compounds diluted in a cell-type specific medium. After
that, cells were incubated with MTT solution (5 mg/mL in
medium) for 2h. The supernatant was discarded, and cells
were lysed in 100 wL DMSO. Absorbance measurements were
carried out at 550 nm with 630 nm as the reference wavelength
using a microplate reader (Tecan Sunrise). The cell viability
obtained from at least two independent experiments was
calculated relative to untreated and solvent controls (data not
shown).

Cytokine Quantification

Cytokines were quantified in AM supernatants using a Milliplex
MAP Human Cytokine Kit (Millipore, #HCYTOMAG-60K)
as detailed in Hoppstiddter et al. (23). AMs were kept at a
density of 1 x 10° cells per well in 96 well plates in a total
volume of 100 pL medium in the presence or absence of
Pam3CSKy4 (100 ng/mL) or Poly(I:C) (10 wg/mL) for 6h. The
supernatants were collected and stored at —80°C until they
were used in the multiplex cytokine assay. The immunoassay
procedure was performed using a serial dilution of the 10,000
pg/mL human cytokine standard according to the manufacturer’s
instructions, and the plate was read at the Luminex 200 System
(Millipore).

Murine TNF-o was quantified by bioassay as previously
described (11). L929 cells were seeded at a density of 3 x 10% cells
per well into a 96-well plate. After 24 h, the medium was replaced
by 100 pL of actinomycin D solution (1pwg/mL in standard
medium) and cells were incubated for 1 h at 37°C. Subsequently,
BMM supernatants (100 L per well) were added. Dilution series
of recombinant murine TNF-a (100-2,500 pg/mL) were run
alongside the samples to generate a standard curve. The plates
were incubated for an additional 24 h at 37°C. The MTT assay
(see Determination of Cell Viability) was used to assess cell
viability.
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RNA Isolation, Reverse Transcription, and

Quantitative RT-PCR

Total RNA was isolated using the RNeasy Plus Mini Kit
(Qiagen, #74134), and 200 ng RNA were reverse transcribed
using the High-Capacity cDNA Reverse Transcription Kit
(Applied Biosystems, #4368813) according to the manufacturer’s
recommendations. The ¢cDNA was diluted with 80 wL TE
buffer (Applichem, #A0386) before use. The CFX96 Touch™
Real-Time PCR Detection System (Bio-Rad) was used for real-
time RT-PCR. For TNF, IL6, CXCLS8, GILZ, and ACTB, one
25 L reaction mix contained 2.5U Taq polymerase, 500 nM
sense and antisense primers, 60-100 nM probe, 200 uM dNTPs,
3-4mM MgCl,, 2.5 pL 10x Taq buffer, 3 pL Template,
and molecular biology grade water (Applichem, #A7398). The
reaction conditions were 95°C for 8 min followed by 40 cycles
of 155 at 95°C, 15 at a reaction dependent temperature varying
from 57 to 60°C, and 15s at 72°C. For ZFP36 detection,
the 5x HOT FIREPol® qPCR Mix Plus (Solis
Biodyne, #08-25) was used according to the manufacturer’s
recommendations. Primer and probe sequences as well as
specific reaction conditions are given in Supplementary Table 1.
Standard curves were generated by serial dilution of the
PCR product cloned into pGEMTeasy (Promega, #A1360). All
samples and standards were analyzed in triplicate.

EvaGreen

Western Blotting

Cells were lysed in lysis buffer [50 mM Tris-HCl, 1% (m/v)
SDS, 10% (v/v) glycerol, 5% (v/v) 2-mercaptoethanol, 0.004%
(m/v) bromphenol blue] supplemented with a protease inhibitor
mix (cOmplete; Roche Diagnostics, #04693124001) and stored
at —80°C until further use. After sonication, lysates were boiled
for 5 min at 95°C. Proteins were separated by SDS-PAGE on 12-
15% gels using the Mini-Protean Tetra Cell system (BioRad) and
transferred onto Immobilon FL-PVDF membranes (Millipore,
#IPFL00010) using the Tetra Blotting Module (BioRad). The
membranes were blocked in blocking buffer for near-infrared
Western Blotting (Rockland, MB070) for 1h, incubated with
primary antibody dilutions (1:500-1:2,000 in Rockland blocking
buffer) for 3h at room temperature or at 4°C overnight and
with IRDye 680 or IRDye 800 conjugated secondary antibodies
(1:5,000-1:10,000) for 1.5h at room temperature. Blots were
scanned with an Odyssey Infrared Imaging System (LI-COR
Bioscience), and relative protein amounts were determined using
either Odyssey or Image] software.

Griess Assay

MPI cells were cultured in 96-well plates (4 x 10 cells per
well) and treated as indicated. After 20 h, the concentration
of nitrite was measured in the supernatants by Griess assay
as previously described (20). In brief, 90 WL 1% sulfanilamide
in 5% H3PO4 and 90 nL 0.1% N-(1-naphthyl)ethylenediamine
dihydrochloride in H,O were added to 100 L of the cell
culture supernatant, followed by absorbance measurement at
550nm and the reference wavelength 630 nm using a Tecan
Sunrise microplate reader. A standard curve of sodium nitrite
dissolved in the medium was run alongside the samples. Total
cellular protein concentrations used for data normalization
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were determined by Pierce BCA protein assay (ThermoFisher
Scientific, #23225) according to the manufacturer’s instructions.

Phagocytosis Assay

Particle uptake was quantified after incubation of macrophages
with 1.75um latex beads (Fluoresbrite Carboxylated YG
microspheres; Polysciences, #17687) at a 50:1 bead/cell ratio in
full medium. Subsequently, cells were washed 5 times with ice-
cold PBS to remove remaining fluorospheres and detached from
plates using ice-cold TEN buffer (40 mM Tris, 1 mM EDTA,
150 mM NacCl). Cells were resuspended in ice-cold PBS (137 mM
NaCl, 2.7mM KCl, 10.1 mM Na,HPOy, 1.8 mM KH,POy4, pH
7.4) and particle-associated fluorescence was determined using
an LSR Fortessa flow cytometer (BD Biosciences). Particle uptake
was verified by quenching the fluorescence of particles that were
merely attached with trypan blue solution (1 mg/mL in PBS, data
not shown).

Salmonella Infection and Determination of
Colony Forming Units (CFU)

The Salmonella enterica serovar typhimurium (S. typhimurium)
wild-type strain 12023 (resp. 14028s) was a gift from D. Monack
(Stanford University). S. typhimurium was grown to stationary
phase overnight in LB medium (Carl Roth, #X968.1) at 37°C with
aeration. 2 x 10° BMMs per well were seeded into a 24-well plate,
followed by infection at an MOI of 100:1. 30 min post-infection,
gentamycin (100 pg/mL, Sigma-Aldrich, #G1397) was added to
kill extracellular bacteria. One hundred and twenty minutes post-
infection, fresh medium containing 10 pg/mL gentamycin was
added to the cells. Eight hours post-infection, cells were lysed
in 200 pL 1% Triton X-100 (Sigma-Aldrich, #T8787) in water
and 1:10 serial dilutions of bacteria suspensions were plated on
LB plates. Colony-forming units (CFU) were determined the
following day in 1:10 and 1:100 dilutions and the dilution factor
was included in CFU calculations.

miRNA Detection

Total RNA for miRNA detection was isolated from AMs using the
miRNEasy Kit (Qiagen, #217004). The RNA quality was assessed
using the Agilent Bioanalyzer 2100 and RNA 6000 Pico Chips
(Agilent Technologies, #5067-1513) as recommended by the
supplier. For miRNA expression analysis, the Agilent microarray
platform and Human miRNA 8x60K microarrays (Release
16.0, Agilent Technologies, #G4870A) were used according to
manufacturer’s instructions. In brief, 100 ng total RNA and the
miRNA Complete Labeling and Hyb Kit (Agilent Technologies,
#5190-0456) were used to generate fluorescently labeled miRNA.
The microarrays were loaded and incubated for 20h at 55°C
and 20 rpm. After several washing steps, the microarrays were
scanned with the Agilent Microarray Scanner at 3 microns in
double path mode. The Total Gene Signal provided by the
Agilent Feature Extraction software was used for quantitative
data analysis. Normalization between arrays was carried out
using quantile normalization. The data have been deposited
in NCBI's Gene Expression Omnibus (27) and are accessible
through GEO Series accession number GSE123756.
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Luciferase Reporter Gene Assay

miRNA overexpression vectors were generated by cloning the
miRNA precursor sequences into the BamH1/EcoR1 sites of
pSG5 (Agilent Technologies, #216201) using the primers given
in Supplementary Table 2 or as previously described (28-30).
GILZ 3'UTR-luciferase reporter constructs were generated by
coupling the GILZ 3'UTR sequence to a firefly luciferase
reporter gene (21). Human GILZ 3'UTR cDNA was amplified
using the Expand High fidelity PCR System (Sigma-Aldrich, #
11732641001) and the following primers: 5'-GCC TAC TAG TGC
AGA GCC ACT AAA CTT G-3' and 5-AAT AGA GCT CAC
TCT CAC AAA ACC CGC TAC-3'. The Sacl/Spel digested PCR
product was inserted into the respective cloning site of pMIR-
REPORT (Ambion, #AMS5795). Plasmid DNA was purified
from overnight cultures with the Genopure Plasmid Midi Kit
(Roche, #3143414001). Reporter gene assays were performed by
transfecting HEK293T cells with the pMIR-REPORT reporter
construct, a pre-miRNA vector, and phRG-TK Renilla (Promega,
#E6291). HEK 293T cells were seeded at a density of 2 x 10% cells
per well into a 96-well-plate, grown for 24 h and transfected using
PolyFect (Qiagen, #301105) according to the manufacturer’s
recommendations. Twenty-four hours after transfection, cells
were lysed with 5x Passive Lysis Buffer (Promega, #E1941).
Luciferase activity was determined after the addition of firefly
luciferase substrate (470 wM D-luciferin, 530 uM ATP, 270 uM
coenzyme A, 33mM DTT, 20 mM Tricine, 2.67mM MgSOy,
and 0.1 mM EDTA, pH 7.8) or renilla substrate (0.1 M NaCl,
25 mM Tris-HCI, pH 7.5, 1 mM CaCl,, 1 M coelenterazine) by
luminescence measurement using a Glomax Discover multiplate
reader (Promega). Firefly luciferase activity was normalized to
renilla luciferase activity to correct for variations in transfection
efficiency, and relative luminescence was calculated relative to
PSGS5 control transfected cells. Data were also normalized to the
impact of each miRNA on the luciferase mRNA without GILZ
3'UTR to adjust for GILZ 3'UTR-specific effects.

miRNA Mimic Transfection

miRNA  mimics  (hsa-miR-34b*,—222,—320d,—484, and
scrambled  control; MISSION miRNA, Sigma-Aldrich,
#HMI0510, #HMI0400, #HMI0475, #HMI0593, #HMC0002)
were reverse transfected into HEK293T cells (2.5 x 10° cells in
a 6-well plate) using the Lipofectamine RNAIMAX transfection
reagent (ThermoFisher Scientific, #13778075) as recommended
by the supplier. Mimics were used at a final concentration of
50nM. To examine potential synergistic effects, a combination
of all four miRNA mimics (12.5nM each) was compared with
scrambled controls (50 nM) or miR-34b* mimic (12.5 nM) only.
The latter was co-transfected with scrambled control mimics
(37.5 nM) to ensure comparable transfection conditions.

NF-«kB/AP-1 Reporter Gene Assay

HEK-Blue cells (HEK-Blue Blue™ Null1, Invivogen, #hkb-nulll)
expressing secreted embryonic alkaline phosphatase (SEAP)
under the control of the IFN-f minimal promoter fused to five
NF-kB and AP-1 binding sites were used to determine NF-
kB/AP-1 activity. Cells were seeded into 96-well plates (5 x
10° cells/well) and treated immediately as indicated. After 24 h,
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supernatants were collected, and SEAP activity was determined
using the QuantiBlue reagent (Invivogen, #REP-QB2) according
to the supplier’s instructions. For miRNA mimic experiments,
HEK-Blue cells (2 x 10° cells/well in 96-well plates) were reverse
transfected with single miRNA mimics (50 nM), scrambled
control (50nM), or a mix of miR-34b*,—222,—320d, and—484
mimics (12.5nM, each) using the Lipofectamine RNAIMAX
transfection reagent as recommended by the supplier (see
miRNA Mimic Transfection for details). Twenty-four hours later,
cells were treated as indicated and incubated for another 24 h.
Subsequently, SEAP activity was determined as described above.

TAT-Fusion Proteins

The cell-permeable trans-activator of transcription peptide
(TAT)-GILZ fusion protein and the respective control protein
(TAT-Co) were generated and purified as previously (13, 31).
In brief, TAT and TAT-GILZ sequences were inserted into the
pGEX-4T2 plasmid (GE Healthcare, #28-9545-50) to produce
an in-frame fusion protein. The GST fusion protein expression
was induced in E. coli BL21 (GE Healthcare, #27-1542-01) with
0.1mM isopropyl PB-d-thiogalactopyranoside (Sigma-Aldrich,
#15502). After lysis by sonication, proteins were purified with
glutathione-sepharose 4B beads (GE Healthcare, #17-0756-01)
according to the manufacturer’s instructions. Protein purity was
evaluated by SDS-PAGE and Coomassie blue staining.

Statistics

All experiments were performed at least three times, and at
least two biological replicates were analyzed for all in vitro
experiments unless stated otherwise. Data distribution was
determined by the Shapiro-Wilk test. For normally distributed
data, means of two groups were compared with non-paired
two-tailed Student’s f-test. For data that were not normally
distributed, means of two groups were compared using the
Mann-Whitney test. Means of more than two groups were
compared by one-way ANOVA with Bonferroni’s post hoc
test (normal distribution) or Kruskal-Wallis ANOVA followed
by Mann-Whitney test (no normal distribution). Statistical
significance was set at p < 0.05, p < 0.01, or p < 0.001. Data
analysis was performed using Origin software (OriginPro 8.6G;
OriginLab).

RESULTS
Downregulation of GILZ by TLR Agonists

Because most studies on GILZ focused on its pharmacological
induction, there are only limited data on the regulation of
endogenous GILZ during the immune response. To investigate
macrophage responses toward TLR1/2 and TLR3 ligands, we
treated human AMs, human monocyte-derived macrophages,
as well as non-differentiated and PMA-differentiated U937 and
THP-1 cells with Pam3CSK4 and Poly(I:C). Out of these human
macrophages and macrophage-like cells, AMs were the only cell
type that showed a robust activation by Poly(I:C) regarding
cytokine production Figure 1A, Supplementary Figure 1). Thus,
we used these cells to further examine GILZ expression.
As reported previously (21), GILZ mRNA levels were highly
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reduced upon TLR1/2 and TLR4, but not TLR3 stimulation
(Figure 1B). In contrast, GILZ protein levels decreased both
after MyD88-dependent stimulation by Pam3CSK4 and TRIF-
dependent activation by Poly(I:C) (Figures 1C-E), implicating a
dual regulation of GILZ.

During the late stages of sepsis, macrophages adjust to the
prolonged stimulation by LPS or other TLR ligands and enter a
hyporesponsive state termed endotoxin or LPS tolerance. LPS-
tolerant macrophages are characterized by reduced secretion
of pro-inflammatory cytokines and upregulation of anti-
inflammatory genes. We previously showed that GILZ represents
a key mediator of LPS tolerance (11). In contrast, pretreatment
of AMs with low-dose Poly(I:C) for 24h resulted in reduced
GILZ levels (Figures 2A,B) and an enhanced LPS- or Pam3CSKjy-
induced pro-inflammatory response, as shown by qPCR analysis
of TNF, IL6, and CXCL8 expression (Figures2C,D). This
observation is in line with a recent report showing that
macrophages generate a type of innate immune memory by
activating the TLR3 pathway, thereby enhancing the immune
response to a subsequent PAMP exposure (32). Our data suggest
that this might, at least in part, be due to GILZ downregulation.

Functional Implications of Gilz
Downregulation

We then sought to characterize the functional implications
of GILZ downregulation. To examine whether lack of GILZ
modulates macrophage activation after Pam3;CSKy4 and Poly(I:C),
we treated murine WT and GILZ KO macrophages with
increasing dosages of both stimuli, and TNF-a secretion was
quantified. Compared with their WT counterparts, GILZ KO
cells released higher levels of TNF-a after stimulation with
either TLR ligand (Figures3A,B). Loss of GILZ has been
shown to enhance LPS-induced ERK-signaling in macrophages
and thereby promote inflammatory actions, including TNF-a
production (11). Therefore, we investigated Pam3;CSKy4- and
Poly(I:C)-mediated ERK phosphorylation. We detected ERK
activation after treatment with both TLR ligands, and GILZ KO
BMMs showed higher levels of pERK after 15 min for Pam3CSKy
and after 30 min for Poly(I:C) when compared with equally
treated WT cells (Figures 3C-F).

Since ERK activity might play a role in increased cytokine
expression concomitant with GILZ KO, we blocked ERK
activation with the inhibitor U0126 and quantified TNF-a
after Pam3CSKy or Poly(I:C) treatment. Inhibition of ERK
signaling abolished the increased responsiveness of GILZ
KO cells toward both ligands, indicating that loss of GILZ
enhances the inflammatory response by modulating ERK activity
(Figures 3G,H).

Apart from the production of inflammatory cytokines,
macrophage-dependent host defense involves the release of nitric
oxide (NO) and phagocytosis of the invading pathogen. Thus, we
examined the influence of GILZ expression on these parameters.
NO production was elevated in GILZ KO cells when compared
with equally treated WT cells upon TLR4 activation by LPS alone
or in combination with IFN-y (Figure 4A). TLR2 ligands, i.e.,
Pam3CSKy or lipoteichoic acid (LTA), induced NO only when

January 2019 | Volume 9 | Article 3111



Results: Amplified Host Defense by Toll-Like Receptor-Mediated Downregulation of the Glucocorticoid-

Induced Leucine Zipper (GILZ) in Macrophages

Hoppstadter et al.

Lack of GILZ Amplifies Host Defense

A " B
* # *# *
hiow % 120 —
# -
c # 100 -
i) # i
2 = B4
) x 4
2 € 60 -
N 4
S = 40
9 o 1 *kk *kk
) R 20 1
! 0
Q (& Co LPS Pam PIC
N
’ &V\(‘( E
> 140 | —=—Pam
k%) 1—e—PIC
c D 120 -
Pam PIC

4h 8h 16h 24h

GlLZ e e

GILZ [

tubulin —

2h 4h 8h 16h 24h

TUDUIIN  —— . e . e

0O 4+—+——F—7—7+1+1
0 5 10 15 20 25
time [h]

FIGURE 1 | GILZ is downregulated in AMs upon MyD88-dependent and MyD88-independent TLR activation. (A) Responsiveness of AMs toward the TLR1/2 ligand
PamgCSK4 (Pam, 100 ng/mL, 6 h) and the TLR3 ligand Poly(::C) (PIC, 10 wg/mL, 6 h). Cytokine production was determined by Luminex bead assay (n = 4, triplicates;
p < 0.05, *p < 0.01, **p < 0.001 compared with Co; #p < 0.05, ##p < 0.01, ###p < 0.001 compared with Pam-treated AMs). (B) AMs were left untreated or
treated with LPS (1 ng/mL), Pam (1 ng/mL) or PIC (10 wg/mL) for 2 h and GILZ mRNA was quantified by gRT-PCR using ACTB as a housekeeping gene (n = 4,
duplicates; ***p < 0.001 compared with Co). (C-E): AMs were treated with Pam (C,E; 1 ng/mL) or PIC (D,E; 10 pg/mL) for the indicated time points and GILZ levels
were determined by Western blot. Tubulin served as a loading control. (C,D) Representative blots. (E) GILZ signal intensities were quantified and normalized to tubulin
values [n = 3; %, #p < 0.05 compared with O h for Pam (*) and PIC (#)—treated cells].

combined with IFN-y. As seen for LPS, the response was higher
in GILZ KO macrophages (Figure 4B).

To assess their phagocytic capacity, WT and GILZ KO
macrophages were incubated with fluorescent latex particles.
The total percentage of cells with particle-associated fluorescence
and the percentage of cells that engulfed 0, 1, 2, or more than
2 particles was determined by flow cytometry after 15 and
30min (Figures 4C-E). GILZ KO macrophages phagocytosed
more particles than WT cells, which was especially evident in the
fraction that took up more than two particles.

To determine the influence of GILZ expression on the
phagocytic activity of differentially polarized macrophages, WT,
and GILZ KO macrophages were either left untreated or
pretreated with LPS/IEN-y, IL-4, or dexamethasone for 20h.
Subsequently, latex beads were added, and uptake was quantified
by flow cytometry. Phagocytosis was enhanced by LPS/IFN-
y and impaired by dexamethasone treatment. Regardless of
the treatment scheme, GILZ KO macrophages had a higher
uptake efficiency than equally treated WT cells (Figures 4F,G and
Supplementary Figure 2).

Next, we investigated whether the loss of GILZ modulated the
bactericidal capacity. WT and GILZ KO BMMs were exposed
to Salmonella typhimurium, and extracellular bacteria were
removed after 30 min. After 8 h the number of viable bacteria

within the cells was determined. GILZ KO macrophages were
more efficient regarding the killing of intracellular bacteria,
as indicated by lower CFU counts when compared with WT
macrophages (Figure 4H).

Mechanisms of GILZ Downregulation

We then aimed to address the mechanisms underlying GILZ
downregulation in activated macrophages. Both the MyD88-
and TRIF-dependent pathways can lead to the activation of the
pro-inflammatory transcription factor NF-kB. Thus, we blocked
NF-kB signaling in AMs by pretreatment with the inhibitors
BAY-11-7082 or BAY-11-7085, followed by treatment with the
TLR ligands LPS, Pam3CSKy, and Poly(I:C), and found that
GILZ downregulation was abrogated in inhibitor-treated cells
(Figures 5A,B). The efficiency of the inhibitor treatment was
verified by the impairment of LPS-induced TNF production
(Supplementary Figure 3). As seen previously, LPS treatment
also resulted in downregulation of GILZ on the mRNA level.
The effect was reversible by inhibition of NF-«B (Figure 5C),
suggesting an involvement of an NF-kB-inducible factor in GILZ
mRNA regulation. We previously reported that downregulation
of GILZ upon MyD88-dependent TLR activation required
the presence of the RNA-binding protein tristetraprolin (TTP,
encoded by ZFP36) (11, 21). Therefore, we speculated that TTP
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FIGURE 2 | Pretreatment with low-dose Poly(l:C) reduces GILZ expression
paralleled by sensitization toward LPS and PamgCSKjy. (A,B) AMs were left
untreated (Co) or treated with LPS (100 ng/mL) or Poly(l:C) (PIC, 1 ng/mL) for
24 h. GILZ levels were determined by Western blot using tubulin as a loading
control. (A) Representative blot. (B) GILZ signal intensities were quantified and
normalized to tubulin values (n = 3, duplicates; **p < 0.01 compared with Co).
(C,D) AMs were either left untreated (NT) or pretreated with PIC (1 pg/mL),
followed by stimulation with LPS (1 pg/mL, C) or PamgCSK, (Pam, 1 wg/mL,
D) for another 2 h. TNF, IL6, and CXCL8 mRNA expression was determined by
qRT-PCR using ACTB as a housekeeping gene (n = 4, duplicates; “*p < 0.01,
***p < 0.001).

might be, at least in part, regulated via NF-kB. We found indeed
that ZFP36 mRNA was induced upon LPS treatment in an NF-
kB-dependent fashion (Figure 5D).
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In line with the finding that Poly(I:C) was unable to reduce
GILZ mRNA levels, we observed no induction of TTP after
Poly(I:C) treatment (Figure 5E), suggesting an entirely different
mode of action.

miRNAs are endogenous small noncoding RNAs that can
facilitate translational repression (33). A bioinformatics approach
implicated more than 250 miRNAs as potential GILZ regulators.
Interestingly, there were more predictions for GILZ than for
well-characterized miRNA targets, such as CXCL8, IL6, and TNF
(34) (Figure5F). To evaluate whether miRNAs are involved
in Poly(I:C)-induced GILZ repression, AMs were either left
untreated or treated with Poly(I:C), aurintricarboxylic acid
(ATA), an inhibitor of ribonuclease activities which also affects
miRNA processing (35), or a combination of both for 8h,
followed by quantification of GILZ protein levels. We observed
that ATA treatment was able to prevent Poly(I:C)-mediated GILZ
downregulation, suggesting that miRNAs indeed affect GILZ
expression (Figure 5G).

Microarray analysis revealed that the expression of several
potentially GILZ-targeting miRNAs was increased in Poly(I:C)
treated AMs, although these effects were in some cases rather
donor-dependent (Figure 6A). We tested the ability of 11 of
these miRNAs predicted to target GILZ and expressed by
Poly(I:C)-treated AMs to regulate GILZ by luciferase reporter
gene assays. Within this small set, four miRNAs decreased the
activity of the luciferase reporter encoded by a gene fused to
the GILZ 3'UTR (Figure 6B). To determine the influence of
these miRNAs on endogenous GILZ expression, we transfected
HEK293T cells with mimics of the four candidate miRNAs, i.e.,
miR-34b* —222,—320d, and—484, and observed that all mimics
were able to reduce GILZ expression, although to a different
extent (Figures 6C,D). To examine whether these miRNAs exert
synergistic effects, HEK293T cells were transfected with the most
potent mimic, i.e., miR-34b*, or a mix of all four miRNA mimics.
As shown in Figures 6E,F, repression of GILZ expression was
more efficient when using the miRNA mimic mix, suggesting that
GILZ downregulation upon TLR3 activation is a consequence of
the synergistic actions of multiple miRNAs.

We then wondered whether reduced GILZ expression upon
miRNA mimic treatment might affect downstream effectors. To
this end, HEK-Blue cells expressing a reporter gene under the
control of the transcription factors NF-kB and AP-1 were used.
Since HEK-Blue cells express endogenous TLR3, reporter gene
activity was inducible by Poly(I:C). This effect was profoundly
impaired by co-treatment with a cell-permeable GILZ peptide,
indicating that GILZ can inhibit NF-kB/AP-1 activation in
this system (Figure 6G). In line with these findings, Poly(L:C)-
induced NF-kB/AP-1 activity was enhanced in HEK Blue cells
transfected with the miR-34b* mimic or a mix of all four mimics,
i.e., under conditions that resulted in the highest degree of GILZ
repression (Figure 6H).

DISCUSSION

To date, only a few studies have addressed the regulation
of endogenous GILZ during the immune response in the
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treated with PamgCSK, (4 h, A) or Poly(1:C) (6 h, B) at the indicated concentrations. TNF secretion was quantified by bioassay (n = 4, triplicates). (C=F) WT and GILZ
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Western blot. (C,D) Representative blots. (E,F) pERK signal intensities were quantified and normalized to total ERK signals. Values for untreated WT cells (0') were set
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*p < 0.05, *p < 0.01, **p < 0.001.

absence of glucocorticoids. In both epithelial (36) and endothelial ~ to be decreased in activated macrophages from patients with

cells (37), inflammatory cytokines have been demonstrated to
attenuate GILZ levels. GILZ expression has also been shown

Crohn’s disease or tuberculosis (6), and nasal explants from
patients suffering from chronic rhinosinusitis lack GILZ (38).
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FIGURE 4 | percentage of cells that engulfed 0, 1, 2 ore more than 2 particles was quantified as shown in (C). (F,G) WT and GILZ KO BMMs were left untreated (Co)
or treated with LPS (1 ng/mL) and INF-y (IFN, 20 ng/mL), IL-4 (20 ng/mL) or dexamethasone (Dex, 1 wM) for 20 h, followed by incubation with fluorescent latex
particles (diameter 1.75 wm, 50 particles per cell) for 1 h. Particle uptake was quantified by flow cytometry. (F) Total percentage of cells with particle-associated
fluorescence. (D) Percentage of cells with O, 1, 2 or more than 2 particles. (H) Relative number of viable bacteria in Salmonella typhimurium-infected WT and GILZ KO
BMMs. Extracellular bacteria were removed after 30 min, and the remaining bacteria were killed using gentamicin. Eight hours following infection, monolayers were
lysed, and the number of intracellular bacteria was determined as Colony Forming Units (CFU) (n = 8, triplicates). *p < 0.05, **p < 0.01, **p < 0.001 as indicated or

compared with equally treated WT cells (E,G).
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FIGURE 5 | Mechanisms of GILZ downregulation upon TLR activation. (A,B) AMs pretreated with BAY-11-7082 (BAY82, 5 .M), BAY-11-7085 (BAY85, 5 uM), or the
solvent control DMSO (0.1%) for 1 h, followed by treatment with LPS (100 ng/mL), PamgCSK, (Pam, 1 wg/mL), Poly(l:C) (PIC, 10 pg/mL), or medium (Co) for 4 h. GILZ
expression was determined by Western blot. Tubulin served as a loading control. (A) Representative blot. (B) GILZ signal intensities were quantified and normalized to
tubulin values (n = 7). Values for unstimulated DMSO controls were set as 100%. (C,D) After preincubation with BAY-11-7082 or BAY-11-7085 (5 M, 1 h), solvent
(0.1% DMSO) or medium only (Co), AMs were treated with LPS (100 ng/mL) for 2 h. GILZ and ZFP36 mRNA expression was determined by gRT-PCR using ACTB as
a housekeeping gene (n = 3, duplicates). (E) AMs were either left untreated (Co) or treated with LPS (100 ng/mL), Pam3zCSKy4 (Pam, 1 ng/mL), or Poly(l:C) (PIC,

10 ng/mL) for 4 h. TTP levels were determined by Western blot using tubulin as a loading control. GILZ signal intensities were normalized to tubulin and are shown as
a percentage of untreated cells (n = 2, triplicates). (F) The number of miRNAs predicted to target GILZ, CXCLS8, IL6, and TNF was assessed via the microRNA Data
Integration Portal (mirDIP, accession date 02/02/2018). (G) AMs were either left untreated (Co) or treated with Poly(l:C) (PIC, 10 nwg/mL), aurintricarboxylic acid (ATA,
25 1M), or a combination of both for 8 h. GILZ expression was quantified by Western blot. Signal intensities were normalized to tubulin and expressed as a percentage

of untreated cells (n = 3). *p < 0.05, *p < 0.01, **p < 0.001.
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**p < 0.01, **p < 0.001 vs. Co or as indicated.

FIGURE 6 | of individual miRNAs with GILZ was determined by miRNA overexpression in HEKT293 cells co-transfected with a Iuciferase reporter construct containing
the GILZ 3'UTR. Luminescence was measured 24 h after transfection and is shown as percent change compared with control vector-transfected cells lacking miRNA
overexpression (n = 3-8, quintuplicates or sextuplicates). Significances were calculated in comparison with control vector-transfected cells. (C,D) HEK293T cells were
transfected with miRNA mimics or scrambled controls (50 nM). GILZ expression was determined by Western blot at the indicated time points. (C) Representative
blots. (D) GILZ signal intensities were quantified and normalized to tubulin values (n = 3, duplicates; Co: cells transfected with scrambled controls, set as 100%). (E,F)
HEK293T cells were transfected with scrambled controls (50 nM, Co), miR-34b* (12.5 nM miR-34b* mimic + 37.5 nM scrambled controls), or a mix of miR-34b*,
—222, —320d, and —484 mimics (12.5 nM each). GILZ expression was quantified after 48 h by Western blot. (E) Representative blot. (F) GILZ signal intensities were
normalized to tubulin values (n = 3, duplicates or triplicates). Co values were set as 100%. (G) NF-kB/AP-1 activity was measured in untreated HEK-Blue reporter
cells (Co) or after activation with PIC (1 ng/mL, 24 h) in the presence or absence of a cell-permeable GILZ peptide (TAT-GILZ, 2 ng/mL) or the respective control
peptide (TAT-Co, 2 ng/mL; n = 3, triplicates). (H) HEK-Blue reporter cells were transfected with scrambled control (Co) or the indicated miRNA mimic. Twenty hours
after transfection, cells were either left untreated or treated with PIC (1 wg/mL, 24 h), and NF-kB/AP-1 activity was determined (n = 3, triplicates). “o < 0.05,

Furthermore, reduced GILZ mRNA levels were observed in liver
tissue from patients with alcoholic hepatitis (17).

Besides the high abundance of GILZ in endothelial cells (21,
37), we previously demonstrated high GILZ levels in primary
human monocyte-derived and pulmonary macrophages (21).
GILZ expression was diminished in human alveolar macrophages
as well as in vivo in mouse lungs upon TLR4 activation.

Further investigations indicated that GILZ mRNA was
destabilized upon MyD88-mediated TLR activation, since
LPS and Pam3CSK4, but not Poly(I:C), the activator of
MyD88-independent TLR3, reduced GILZ mRNA expression.
Downregulation of GILZ on the mRNA level required the
presence of both the RNA-binding protein TTP and the GILZ
3’-untranslated region (21).

Our results presented within this study suggest that NF-«B
activation is also required, which might at least in part be due
to NF-kB-mediated TTP induction. Indeed, NF-«kB has been
previously shown to regulate TTP on the transcriptional level
in LPS-stimulated RAW264.7 macrophages (39). However, the
composition of the entire RNA-protein complex rather than the
binding of TTP alone might dictate the fate of GILZ mRNA.
The regulatory networks driving mRNA decay are considered
to consist of multiple RNA-binding proteins, whose binding
activity may be further modulated by miRNAs (40, 41). Thus,
we cannot rule out the possibility that TTP-mediated GILZ
mRNA destabilization requires accessory factors that may also be
regulated by NF-«B.

Although Poly(I:C) did not decrease GILZ mRNA levels
in macrophages, GILZ protein expression was reduced.
Furthermore, Poly(I:C)-induced GILZ downregulation was
dependent on both NF-kB activation and the presence of
miRNAs. Our investigations revealed that multiple miRNAs act
as GILZ regulators, suggesting that GILZ downregulation upon
TLR3 activation is instead a consequence of synergistic miRNA
actions. Promoter analysis using the miRGen v3.0 database (42)
revealed that only miR-222 might be a direct target of NF-«B,
whereas the promoters of miR-34b, miR-320d-1, and miR-484
lack NF-kB binding sites. NF-kB activation might influence
miRNA expression indirectly, e.g., by modulation of miRNA
processing via induction of the RNase Dicer (43). Finally, it is
also possible that additional miRNAs are induced that were not
identified by our approach.

Investigations on the functional significance of GILZ
downregulation revealed an enhanced sensitivity toward LPS in

human macrophages after siRNA-mediated GILZ knockdown,
as indicated by increased cytokine expression and NF-kB activity
(21). Within a follow-up study (11) we observed an increased
response toward LPS in GILZ KO BMMs, such as enhanced
NF-kB and AP-1 activity, suggesting repression of GILZ
expression as a regulatory mechanism that amplifies macrophage
activation. These findings are in line with our observation that
treatment with a cell-permeable GILZ fusion protein can prevent
PIC-induced NF-«kB/AP-1-dependent activation in HEK-Blue
cells.

In addition to its direct interaction with pro-inflammatory
transcription factors, GILZ has also been reported to attenuate
MAPK signaling in general and ERK signaling in particular
(9-11). In the present study, we showed that the absence of
GILZ increased both TLR1/2 and TLR3 activation, as indicated
by augmented ERK activity, and, as a consequence, increased
production of TNF-a. These findings suggest a role for GILZ
repression in innate immune memory/trained immunity. Both
terms describe an adaption of innate immune cell functions
due to previous pathogen exposure, resulting in cross-protection
between infections with different pathogens (32, 44).

The increased production of cytokines, such as TNF-q,
promotes an acute inflammatory response that helps to clear
invading organisms but also contributes to tissue damage.
Another factor that plays a similarly ambivalent role in response
to infections is nitric oxide (NO), a molecule with antimicrobial
and proinflammatory functions. NO is generated from arginine
in a reaction catalyzed by the enzyme nitric oxide synthase
(NOS). Due to its inducible expression the principal isoform
expressed in macrophages, i.e., NOS2, is also known as iNOS.
iNOS expression can be elevated by activating cytokines, such as
IFN-vy, and repressed by anti-inflammatory mediators, e.g., IL-4
or IL-10. Various PAMPs of bacterial, viral, or fungal origin have
also been reported to enhance iNOS expression and function,
with LPS as the most prominent example. LPS usually synergizes
with IFN-y to activate both NF-kB and STAT1, thereby inducing
high levels of iNOS (45). Our data show that LPS- as well as
LPS/IFN-y-induced NO production can be increased by GILZ
depletion. This finding is in line with the observation that LPS-
induced NF-kB activity is increased in GILZ KO macrophages
(11). In addition, we showed that treatment with TLR2 ligands,
i.e., Pam3CSKy and LTA, results in similar effects when co-
administered with IFN-y. TLR2 ligands did not, however, induce
NO on their own, which might be attributed to the lack
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of TRIF-dependent IFN-B production and subsequent STAT1
activation upon TLR2 activation (46).

The ability to engulf particles, including pathogens and
apoptotic cells, is a significant characteristic of macrophages.
The phagocytic capacity is not necessarily associated with a
specific macrophage phenotype, but rather constitutes a general
attribute of these cells (24, 47). In this study, we show that
lack of GILZ promotes phagocytosis in untreated as well as
differentially polarized macrophages, including GC-treated cells.
GCs have only recently been shown to impair phagocytosis
by inhibiting the expression of genes that are required for
phagosome formation (48). Whether or not these genes, such as
CD14, CD48, and MARCKS are regulated in a GILZ-dependent
manner presently remains elusive.

Although GILZ knockout macrophages showed a higher
phagocytic activity, the number of viable bacteria in .
typhimurium-infected cells was reduced. This finding
suggests that GILZ depletion enhances the bactericidal
activity of macrophages, which is also supported by the
observation that NO production is increased in GILZ knockout
macrophages.

In conclusion, our data show that GILZ expression can be
downregulated on different levels depending on the nature of
the stimulus. In return, GILZ downregulation can promote
essential macrophage functions, such as cytokine production,
phagocytosis, and bactericidal activity. Thus, GILZ repression
can help to clear pathogens, but might also be detrimental to the
host by promoting excessive inflammatory disorders. Therefore,
GILZ might represent a potential target for therapeutic

REFERENCES

1. Leifer CA, Medvedev AE. Molecular mechanisms of regulation of

Toll-like receptor signaling. ] Leukocyte Biol. (2016) 100:927-41.

doi: 10.1189/jlb.2MR0316-117RR

Brubaker SW, Bonham KS, Zanoni I, Kagan JC. Innate immune pattern

recognition: a cell biological perspective. Ann Rev Immunol. (2015) 33:257-90.

doi: 10.1146/annurev-immunol-032414-112240

3. Zhou D, Huang C, Lin Z, Zhan S, Kong L, Fang C, et al. Macrophage

polarization and function with emphasis on the evolving roles of coordinated

regulation of cellular signaling pathways. Cell Signal. (2014) 26:192-7.

doi: 10.1016/j.cellsig.2013.11.004

Mosser DM, Edwards JP. Exploring the full spectrum of macrophage

activation. Nat Rev Immunol. (2008) 8:958-69. doi: 10.1038/nri2448

5. Ayroldi E, Migliorati G, Bruscoli S, Marchetti C, Zollo O, Cannarile L,

et al. Modulation of T-cell activation by the glucocorticoid-induced leucine

zipper factor via inhibition of nuclear factor kappaB. Blood (2001) 98:743-53.

doi: 10.1182/blood.V98.3.743

Berrebi D, Bruscoli S, Cohen N, Foussat A, Migliorati G, Bouchet-

Delbos L, et al. Synthesis of glucocorticoid-induced leucine zipper

(GILZ) by macrophages: an anti-inflammatory and immunosuppressive

mechanism shared by glucocorticoids and IL-10. Blood (2003) 101:729-38.

doi: 10.1182/blood-2002-02-0538

7. Di Marco B, Massetti M, Bruscoli S, Macchiarulo A, Di Virgilio R, Velardi E,
et al. Glucocorticoid-induced leucine zipper (GILZ)/NF-kappaB interaction:
role of GILZ homo-dimerization and C-terminal domain. Nucleic Acids Res.
(2007) 35:517-28. doi: 10.1093/nar/gkl1080

8. Mittelstadt PR, Ashwell JD. Inhibition of AP-1 by the glucocorticoid-
inducible ~ protein GILZ. ] Biol Chem. (2001) 276:29603-10.
doi: 10.1074/jbc.M101522200

Lack of GILZ Amplifies Host Defense

interventions, both in order to restrict or to stimulate innate
immune responses depending on the nature of the disease.

AUTHOR CONTRIBUTIONS

JH, BD, RL, NH, SE MM, PL, and CB designed, performed,
and analyzed the experiments. JH wrote the paper. All authors
contributed to drafting the manuscript. SB, CR, FG, EM, and
HH provided materials and discussed the data. AK initiated the
study and participated in data interpretation and manuscript
preparation. All authors read and approved the final manuscript.

FUNDING

This funded, part, by the
Forschungsgemeinschaft, Bonn, Germany (KI702).

ACKNOWLEDGMENTS

The authors thank Theresa Stadter, Katharina Sauer, Anke
Guckeisen, and Sarah Bender for support in generating murine
macrophage data, and Eva Dilly for support in animal
maintenance.

work  was in Deutsche

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fimmu.
2018.03111/full#supplementary-material

Ayroldi E, Zollo O, Macchiarulo A, Di Marco B, Marchetti C, Riccardi C.
Glucocorticoid-induced leucine zipper inhibits the Raf-extracellular signal-
regulated kinase pathway by binding to Raf-1. Mol Cell Biol. (2002) 22:7929-
41. doi: 10.1128/MCB.22.22.7929-7941.2002

Ayroldi E, Zollo O, Bastianelli A, Marchetti C, Agostini M, Di Virgilio
R, et al. GILZ mediates the antiproliferative activity of glucocorticoids by
negative regulation of Ras signaling. J Clin Investig. (2007) 117:1605-15.
doi: 10.1172/JCI30724

Hoppstidter J, Kessler SM, Bruscoli S, Huwer H, Riccardi C, Kiemer
AK.  Glucocorticoid-induced
macrophage endotoxin tolerance.
doi: 10.4049/jimmunol.1403207
D’Adamio E Zollo O, Moraca R, Ayroldi E, Bruscoli S, Bartoli A, et al. A
new dexamethasone-induced gene of the leucine zipper family protects T
lymphocytes from TCR/CD3-activated cell death. Immunity (1997) 7:803-12.
Delfino DV, Agostini M, Spinicelli S, Vito P, Riccardi C. Decrease of Bcl-xL
and augmentation of thymocyte apoptosis in GILZ overexpressing transgenic
mice. Blood (2004) 104:4134-41. doi: 10.1182/blood-2004-03-0920

Delfino DV, Agostini M, Spinicelli S, Vacca C, Riccardi C. Inhibited cell
death, NF-kappaB activity and increased IL-10 in TCR-triggered thymocytes
of transgenic mice overexpressing the glucocorticoid-induced protein GILZ.
Int Immunopharmacol. (2006) 6:1126-34. doi: 10.1016/j.intimp.2006.02.001
Bruscoli S, Biagioli M, Sorcini D, Frammartino T, Cimino M, Sportoletti
P, et al. Lack of Glucocorticoid-induced leucine zipper (GILZ) deregulates
B cell survival and results in B cell lymphocytosis in mice. Blood (2015).
126:1790-801. doi: 10.1182/blood-2015-03-631580

Bruscoli S, Sorcini D, Flamini S, Gagliardi A, Adamo F, Ronchetti S, et al.
Glucocorticoid-induced leucine zipper inhibits interferon-gamma production
in B cells and suppresses colitis in mice. Front Immunol. (2018) 9:1720.
doi: 10.3389/fimmu.2018.01720

10.

11.
factor in
194:6057-67.

critical
(2015)

leucine zipper: a

J  Immunol.
12.

13.

14.

15.

16.

Frontiers in Immunology | www.frontiersin.org

14

January 2019 | Volume 9 | Article 3111



Results: Amplified Host Defense by Toll-Like Receptor-Mediated Downregulation of the Glucocorticoid-

Induced Leucine Zipper (GILZ) in Macrophages

Hoppstadter et al.

Lack of GILZ Amplifies Host Defense

17.

18.

19.

20.

21

22,

23.

24.

25;

26.

27.

28.

29;

30.

31.

32:

33.

Hamdi H, Bigorgne A, Naveau S, Balian A, Bouchet-Delbos L, Cassard-
Doulcier AM, et al. Glucocorticoid-induced leucine zipper: a key protein in
the sensitization of monocytes to lipopolysaccharide in alcoholic hepatitis.
Hepatology (2007) 46:1986-92. doi: 10.1002/hep.21880

Vago JP, Tavares LP, Garcia CC, Lima KM, Perucci LO, Vieira EL,
et al. The role and effects of glucocorticoid-induced leucine zipper in
the context of inflammation resolution. J Immunol. (2015) 194:4940-50.
doi: 10.4049/jimmunol.1401722

Hoppstadter ], Kiemer AK. Glucocorticoid-induced leucine zipper (GILZ)
in immunosuppression: master regulator or bystander? Oncotarget (2015)
6:38446-57. doi: 10.18632/oncotarget.6197

Hoppstadter ], Hachenthal N, Valbuena-Perez JV, Lampe S, Astanina
K, Kunze MM, et al. Induction of glucocorticoid-induced leucine
zipper (GILZ) contributes to anti-inflammatory effects of the natural
product curcumin in macrophages. J Biol Chem. (2016) 291:22949-60.
doi: 10.1074/jbc.M116.733253

Hoppstadter J, Diesel B, Eifler LK, Schmid T, Briine B, Kiemer AK.
Glucocorticoid-induced leucine zipper is downregulated in human alveolar
macrophages upon Toll-like receptor activation. Eur ] Immunol. (2012)
42:1282-93. doi: 10.1002/€ji.201142081

Bruscoli S, Velardi E, Di Sante M, Bereshchenko O, Venanzi A, Coppo M,
et al. Long glucocorticoid-induced leucine zipper (L-GILZ) protein interacts
with ras protein pathway and contributes to spermatogenesis control. J Biol
Chem. (2012) 287:1242-51. doi: 10.1074/jbc.M111.316372

Hoppstadter ], Diesel B, Zarbock R, Breinig T, Monz D, Koch M, et al.
Differential cell reaction upon Toll-like receptor 4 and 9 activation in
human alveolar and lung interstitial macrophages. Respir Res. (2010) 11:124.
doi: 10.1186/1465-9921-11-124

Hoppstadter J, Seif M, Dembek A, Cavelius C, Huwer H, Kraegeloh A, et al.
M2 polarization enhances silica nanoparticle uptake by macrophages. Front
Pharmacol. (2015) 6:55. doi: 10.3389/fphar.2015.00055

Dembek A, Laggai S, Kessler SM, Czepukojc B, Simon Y, Kiemer AK,
et al. Hepatic interleukin-6 production is maintained during endotoxin
tolerance and facilitates lipid accumulation. Immunobiology (2017) 222:786—-
96. doi: 10.1016/j.imbi0.2017.01.003

Fejer G, Sharma S, Gyory I. Self-renewing macrophages—a new line of
enquiries in mononuclear phagocytes. Immunobiology (2015) 220:169-74.
doi: 10.1016/j.imbio.2014.11.005

Edgar R, Domrachev M, Lash AE. Gene expression omnibus: NCBI gene
expression and hybridization array data repository. Nucleic Acids Res. (2002)
30:207-10. doi: 10.1093/nar/30.1.207

Szczyrba ], Nolte E, Hart M, Doll C, Wach S, Taubert H, et al. Identification
of ZNF217, hnRNP-K, VEGF-A and IPO7 as targets for microRNAs that
are downregulated in prostate carcinoma. Int J Cancer (2013) 132:775-84.
doi: 10.1002/ijc.27731

Imig J, Motsch N, Zhu JY, Barth S, Okoniewski M, Reineke T, et al. microRNA
profiling in Epstein-Barr virus-associated B-cell lymphoma. Nucleic Acids Res.
(2011) 39:1880-93. doi: 10.1093/nar/gkq1043

Szczyrba ], Loprich E, Wach S, Jung V, Unteregger G, Barth S, et al. The
microRNA profile of prostate carcinoma obtained by deep sequencing. Mol
Cancer Res. (2010) 8:529-38. doi: 10.1158/1541-7786.MCR-09-0443
Cannarile L, Cuzzocrea S, Santucci L, Agostini M, Mazzon E, Esposito
E, et al. Glucocorticoid-induced leucine zipper is protective in Thl-
mediated models of colitis. Gastroenterology (2009) 136:530-41.
doi: 10.1053/j.gastro.2008.09.024

Liu B, Liu Q, Yang L, Palaniappan SK, Bahar I, Thiagarajan PS, et al.
Innate immune memory and homeostasis may be conferred through
crosstalk between the TLR3 and TLR7 pathways. Sci Signal. (2016) 9:ra70.
doi: 10.1126/scisignal.aac9340

Iwakawa HO, Tomari Y. The functions of MicroRNAs: mRNA decay
and translational repression. Trends Cell Biol. (2015) 25:651-65.
doi: 10.1016/j.tcb.2015.07.011

34.

35,

36.

37.

38.

39,

40.

41.

42,

43.

44,

45.

46.

47.

48.

Rebane A, Akdis CA. MicroRNAs: Essential players in the regulation
of inflammation. ] Allergy Clin  Immunol. (2013) 132:15-26.
doi: 10.1016/j.jaci.2013.04.011

Tan GS, Chiu CH, Garchow BG, Metzler D, Diamond SL, Kiriakidou M.
Small molecule inhibition of RISC loading. ACS Chem Biol. (2012) 7:403-10.
doi: 10.1021/cb200253h

Eddleston J, Herschbach J, Wagelie-Steffen AL, Christiansen SC, Zuraw BL.
The anti-inflammatory effect of glucocorticoids is mediated by glucocorticoid-
induced leucine zipper in epithelial cells. J Allergy Clin Immunol. (2007)
119:115-22. doi: 10.1016/j.jaci.2006.08.027

Hahn RT, Hoppstadter ], Hirschfelder K, Hachenthal N, Diesel B, Kessler
SM, et al. Downregulation of the glucocorticoid-induced leucine zipper
(GILZ) promotes vascular inflammation. Atherosclerosis (2014) 234:391-400.
doi: 10.1016/j.atherosclerosis.2014.03.028

Zhang XH, Lu X, Long XB, You XJ, Gao QX, Cui YH, et al. Chronic
rhinosinusitis with and without nasal polyps is associated with decreased
expression of glucocorticoid-induced leucine zipper. Clin Exp Allergy (2009)
39:647-54. doi: 10.1111/j.1365-2222.2008.03198.x

Chen YL, Jiang YW, Su YL, Lee SC, Chang MS, Chang CJ.
Transcriptional regulation of tristetraprolin by NF-kappaB signaling in
LPS-stimulated macrophages. Molecular biology reports (2013) 40:2867-77.
doi: 10.1007/s11033-012-2302-8

Doyle E, Tenenbaum SA. Trans-regulation of RNA-binding protein motifs by
microRNA. Front Genet. (2014) 5:79. doi: 10.3389/fgene.2014.00079

Wu X, Brewer G. The regulation of mRNA stability in mammalian cells: 2.0.
Gene (2012) 500:10-21. doi: 10.1016/j.gene.2012.03.021

Georgakilas G, Vlachos IS, Zagganas K, Vergoulis T, Paraskevopoulou
MD, Kanellos I, et al. DIANA-miRGen v3.0: accurate characterization
of microRNA promoters and their regulators. Nucleic Acids Res. (2016)
44:D190-5. doi: 10.1093/nar/gkv1254

Guan Y, Yao H, Wang J, Sun K, Cao L, Wang Y. NF-kappaB-DICER-miRs axis
regulates TNF-alpha expression in responses to endotoxin stress. Int ] Biol Sci.
(2015) 11:1257-68. doi: 10.7150/ijbs.12611

Netea MG, Joosten LA, Latz E, Mills KH, Natoli G, Stunnenberg HG, et al.
Trained immunity: a program of innate immune memory in health and
disease. Science (2016) 352:aaf1098. doi: 10.1126/science.aaf1098

Bogdan C. Nitric oxide synthase in innate and adaptive immunity: an update.
Trends Immunol. (2015) 36:161-78. doi: 10.1016/}.it.2015.01.003
Toshchakov V, Jones BW, Perera PY, Thomas K, Cody MJ, Zhang S,
et al. TLR4, but not TLR2, mediates IFN-beta-induced STAT1alpha/beta-
dependent gene expression in macrophages. Nat Immunol. (2002) 3:392-8.
doi: 10.1038/ni774

Mills CD, Ley K. M1 and M2 macrophages: the chicken and the egg of
immunity. J Innate Immunity (2014) 6:716-26. doi: 10.1159/000364945
Olivares-Morales MJ, De La Fuente MK, Dubois-Camacho K, Parada
D, Diaz-Jimenez D, Torres-Riquelme A, et al. Glucocorticoids impair
phagocytosis and inflammatory response against crohn’s disease-associated
adherent-invasive  Escherichia coli. Front Immunol. (2018) 9:1026.
doi: 10.3389/fimmu.2018.01026

Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.

Copyright © 2019 Hoppstddter, Diesel, Linnenberger, Hachenthal, Flamini, Minet,
Leidinger, Backes, Grisser, Meese, Bruscoli, Riccardi, Huwer and Kiemer. This is an
open-access article distributed under the terms of the Creative Commons Attribution
License (CC BY). The use, distribution or reproduction in other forums is permitted,
provided the original author(s) and the copyright owner(s) are credited and that the
original publication in this journal is cited, in accordance with accepted academic
practice. No use, distribution or reproduction is permitted which does not comply
with these terms.

Frontiers in Immunology | www.frontiersin.org

15

January 2019 | Volume 9 | Article 3111



Results: Amplified Host Defense by Toll-Like Receptor-Mediated Downregulation of the Glucocorticoid-

Induced Leucine Zipper (GILZ) in Macrophages

‘,\' frontiers

Supplementary Material

Amplified host defense by Toll-like receptor-mediated downregulation
of the glucocorticoid-induced leucine zipper (GILZ) in macrophages

Jessica Hoppstidter'*, Britta Diesel', Rebecca Linnenberger!, Nina Hachenthall, Sara Flamini?,
Marie Minet!, Petra Leidinger?, Christina Backes*, Friedrich Griisser>, Eckart Meese’, Stefano
Bruscoli?, Carlo Riccardi?, Hanno Huwer®, Alexandra K. Kiemer!

! Pharmaceutical Biology, Department of Pharmacy, Saarland University, Saarbriicken, Germany
2 Pharmacology, Department of Medicine, Perugia University, Perugia, Italy

3 Human Genetics, Department of Medicine, Saarland University, Homburg, Germany

4 Chair for Clinical Bioinformatics, Saarland University, Saarbriicken, Germany

> Virology, Department of Medicine, Saarland University, Homburg, Germany

¢ Cardiothoracic Surgery, Volklingen Heart Centre, Volklingen, Germany

* Correspondence:
Jessica Hoppstadter, Ph.D.
J-hoppstaedter@mx.uni-saarland.de



Results: Amplified Host Defense by Toll-Like Receptor-Mediated Downregulation of the Glucocorticoid-

Induced Leucine Zipper (GILZ) in Macrophages

Supplementary Figures

>

x-fold TNF

o

x-fold CXCL10

(@)

x-fold IL10

O

GILZ [%]

U937/PMA

HMDMs
- : : 777 U937
80 Y THP-1
g NN THP-1/PMA
40
20 |
0— l.-ﬁ |l=‘_| 1
Co LPSO0.1 LPS1 Pam0.1 Pam1 PIC1 PIC 10
4 —
3
2
0 | y | ) |I| | 'lIl |
Co LPSO0.1 LPS1 Pam0.1 Pam1 PIC1 PIC 10
10 -
] i
it [
6 -
4
2|

04

i)

Co
200 -
150 —
100 { ==
50 | ¥
11 W
0 |
Co

Fk
Fk

Supplementary Material

Supplementary Figure
1.  Responsiveness  of
human macrophages and
macrophage-like cells
towards  the  TLRI1/2
ligand Pams;CSKy and the
TLR3 ligand Poly(I:C).
Human monocyte-derived
macrophages (HMDMs),
as well as undifferentiated
or  PMA-differentiated
U937 and THP-1 cells
were left untreated (Co) or
treated with LPS (0.1 or 1
pg/ml), Pam3;CSK4 (Pam,
0.1 and 1 pg/ml), or PIC
(PIC, 1 and 10 pg/ml) for
2 h. and mRNA was
quantified by qRT-PCR
using ACTB as a
housekeeping gene (n = 2-
3, triplicates). *p < 0.05,
**p < 0.01, ***p < 0.001
vs. Co.
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Supplementary Figure 2. Different treatment schemes do not alter the effect of GILZ depletion on
phagocytosis. WT and GILZ KO BMMs were left untreated (Co) or treated with LPS (1 ug/ml) and
INF-y (IFN, 20 ng/ml), IL-4 (20 ng/ml) or dexamethasone (Dex, 1 pM) for 20 h, followed by incubation
with fluorescent latex particles (diameter 1.75 pm, 50 particles per cell) for 1 h. Particle uptake was
quantified by flow cytometry. The total percentage of cells with particle-associated fluorescence in
LPS/IFN, IL-4, od Dex-treated cells was normalized to the respective value for cells that were not
treated otherwise prior to particle exposure.
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Supplementary Figure 3. NI'-kB inhibition. After preincubation with BAY-11-7082 or BAY-11-7085
(5 uM, 1 h), solvent (0.1% DMSO) or medium only (Co), AMs were treated with LPS (100 ng/ml) for
2 h. TNF mRNA expression was determined by qRT-PCR using ACTB as a housekeeping gene (n =
3, duplicates).
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Supplementary Table 1: PCR conditions.
Sequence Sequence
Claiie (5'=>3") (5'2>3") Probe sequence Probe MgCL Annealing
forward reverse (5'FAM~>3'BHQ) [nM] [mM] [°C]
primer primer
AATGGA | ATTTAT | ICCTITGIT
IL6 AAG TGG TGG TAT TCA GAG CCA 100 4 57
GAT CATTTCT

CTATGC AAA AAC

TGC CAG

IL8 (CXCLS) Lo A TCT GGC ACA ATA CAT 100 4 59

ATT GCA CAG ACC CAC

TT%QAG AAC CCT AC | GAA GTG TTG A
ggi %‘éﬁ CTC TGG CAC CAT CAG
INF Cor T | CAGGGG | (CCG CATCGC 100 3 60
I CTC TTG AT CGT CTC
TCCTGT | AGC CAC
GILZ CTGAGC | TTACAC (T:gg /(i(c}i f:(T}(Tz 100 . 0
(ISC22D3) | CCTGAA | CGC AGA Sl
GAG AC
Z?:i ﬁg GTCAGG | CACGGCTGC
Bactin (CTB) | A2 TTA | caGeTe TTC CAG CTC 60 4 60
GTA GCT CT CTC
AG
GAG CCT

AAG GCA TCC AGT CTC

CXCLI0 éﬁé giﬁ GCAAAT | AGC ACC ATG 60 4 60
e CAGAATCG |  AAT CAA A
CAA CAG
UAAY | accacr | AGecetGace

IL10 TAG GAA ACG CTT TCT 100 4 60

CC‘égTC GCC CCAAG | AGC TGT TGA G

TCG CCA TTC GCT
TTP (ZFP36) | CCCCAA | AGGGTT no probe N/A N/A 60
ATACAA | GTGGAT
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Supplementary Table 2: Primers used to clone miRNA overexpression vectors.

miRNA forward primer ( plus EcoR1 site) reverse primer (plus BamH1 or BglII
site)

hsa-miR-18a GC GAA TTC ATG GGA AGC CAA GA GGA TCC CAC CTA TAT ACT
GTT GGG CTT TAA TGC TTG GCT

hsa-miR-19a GC GAATTC ATG ATC CAATAA GA GGA TCC GCA GAT TCT ACA
TTC AAG CCA AGC TCG ACA CAA

hsa-miR-19b GC GAATTC ATG TAG CTG TAG GA GGATCC GGG TTTGAG TTT
AACTCCAGCTTC CCCTTA CTT

hsa-miR-34b GC GAATTC ATG TAC GCG TGT GA GGATCC AAC CGC GGG TTT
TGT GCG CTG CGA CCT CGC ACT

hsa-miR-136 GC GAATTC ATG AGC TCT TCC GA GGA TCC TCT GCT CTG ATT
ATT TCC TGG AGT AGT TGG GCA

hsa-miR-222 GC GAATTC ATG GAA AAT ATG GA GGA TCC CTT AAC ACC CTA
TGG CACTTT ATT GAA CTT GAC

hsa-miR-320d1 GC GAA TTC ATG CCT TCA AAT GA GGA TCC TTC CTT TCC TAT
GAC AAA ACA CAC TTCTTT CCT

hsa-miR-484

GC GAATTC ATG AAA ACC GAC
GCC CITCTCTCC

GA GGA TCC GTC CAC GTC ACG
AGCTCATTC
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1 | INTRODUCTION

While the adaptive immune system usually deteriorates with age,
innate immune cells can cause a chronic, low-grade systemic inflam-
matory state, termed “inflammaging” (Franceschi et al., 2000). This
chronic inflammation, fueled by continuous exposure to exogenous
and endogenous stimuli during the lifespan, is considered by gerosci-
ence as one of the seven pillars of aging, and largely determines the
onset of age-related diseases (Franceschi, Garagnani, Parini, Giuliani,
& Santoro, 2018). Different factors, such as cellular senescence, al-
tered metabolic activity, and endocrine disorders contribute to sus-
taining inflammaging (Bandaranayake & Shaw, 2016).

The macrophage is a key driver of age-related inflammation. The
theory of inflammaging has been intertwined with “macroph-ag-
ing,” that is, the chronic activation of macrophages, since it was first
described (Franceschi et al., 2000; Prattichizzo, Bonafe, Olivieri, &
Franceschi, 2016). Macrophages are a widely distributed, hetero-
geneous, plastic cell population, with central roles as effectors and
mediators of the innate and adaptive immune response (Mosser &
Edwards, 2008; Wynn, Chawla, & Pollard, 2013; Zhou et al., 2014).
Several studies in humans and animals have reported age-related
alterations in different macrophage functions, such as phagocytic
activity, pro-inflammatory cytokine secretion, and antigen pre-
sentation (Jackaman et al., 2017; Sebastian, Espia, Serra, Celada,
& Lloberas, 2005). Furthermore, a loss of macrophages has been
associated with an improved inflammation-induced pathology and
survival after systemic immunostimulation (Bouchlaka et al., 2013),
and with reduced neurodegeneration (Yuan et al., 2018) in murine
models of aging.

Endogenous glucocorticoids (GCs) are central regulators of im-
mune functions. They can exert their action by binding to the widely
expressed glucocorticoid receptor (GR) through genomic mecha-
nisms (transactivation, transrepression, and composite glucocor-
ticoid response element-binding), or nongenomic effects (Cain &
Cidlowski, 2017). GC secretion is regulated in a circadian manner and
in response to stress by the hypothalamic-pituitary-adrenal (HPA)
axis, whose function is dysregulated with advancing age (Gupta &
Morley, 2014). However, the role of systemic and local GC produc-
tion during aging processes is largely unknown.

Due to the importance of macrophage activation and GC re-
sponses in the aged immune system, we aimed to evaluate the
age-associated changes in GC metabolism in the myeloid com-
partment of mice in order to improve the current understanding of
“macroph-aging.”

2 | RESULTS

2.1 | Inflammation in aged mice is associated with
decreased serum GC levels

Previous studies demonstrated that levels of circulating pro-
inflammatory mediators, such as tumor necrosis factor (TNF)-«,

interleukin (IL)-6, and C-reactive protein (CRP), are elevated in
aged individuals, a circumstance which correlates with increased
risk of morbidity and mortality (Bandaranayake & Shaw, 2016;
Minciullo et al., 2016). In line with these findings, we observed a
pro-inflammatory phenotype in aged C57BL/6 mice when com-
pared with their young counterparts. This phenotype was charac-
terized by increased basal TNF-a and LPS-induced IL-6 and TNF-«
serum levels (Figure 1a,b). In peritoneal macrophages (PMs) iso-
lated from aged animals, a higher production of LPS-induced TNF
and H,0, was found. In addition, extracellular-signal-regulated ki-
nase (ERK) 1/2 activation, which is critically involved in cytokine
production in macrophages (Hoppstadter et al., 2015, 2016), was
increased (Figure 1c-f).

Senescent cells (SCs) are characterized by elevated cytokine
production, upregulation of the cyclin-dependent kinase inhib-
itors p16 (Cdkn2a) and p21 (Cdknla), and downregulation of the
senescence suppressor sirtuin-1 (Sirt1) (Lee, Lee, Lee, & Min, 2019;
Tchkonia, Zhu, van Deursen, Campisi, & Kirkland, 2013; van
Deursen, 2014). None of these effects were observed in PMs ob-
tained from aged mice, indicating that these macrophages do not
resemble SCs (Figure 1g).

Serum analyses by ELISA showed significantly reduced corti-
costeroid levels in aged mice (Figure 2a). Due to known cross-reac-
tivities, however, conventional antibody-based detection methods
for corticosteroids do not allow to distinguish between inactive
cortisone/11-dehydrocorticosterone (11-DHC) and active corti-
sol/corticosterone. Thus, we developed an LC-HRMS/MS-based
method to quantify the serum levels of the main GCs in rodents
(Gong et al., 2015), that is, active corticosterone and inactive 11-
DHC, in sera from young and aged mice. Aged mice displayed de-
creased serum levels of both corticosteroids compared with young
animals. While the mean of total GC and 11-DHC levels was re-
duced by half, levels of active corticosterone decreased by two-
thirds (Figure 2b,c).

The synthesis of GCs within the adrenal cortex is regulated
via the release of corticotropin-releasing hormone (CRH) from the
hypothalamus, which stimulates the secretion of adrenocortico-
tropic hormone (ACTH) from the anterior pituitary gland (Gupta &
Morley, 2014). Serum levels of both CRH and ACTH were reduced in
aged animals (Figure 2d,e). The expression of genes involved in the
cholesterol homeostasis or corticosteroid synthesis within the ad-
renal gland remained unchanged, except that the cholesterol efflux
mediator ATP-binding cassette transporter G1 (Abcg1) was upregu-
lated (Figure 2f). Taken together, these findings suggest an HPA axis
dysfunction in aged mice.

2.2 | GC homeostasis in aged cells and tissues

Irrespective of serum GC levels, the cellular GC responsive-
ness is ultimately determined by the intracellular availability of
active GCs, as well as the expression of the GR (Nr3c1) (Cain &
Cidlowski, 2017; Oakley & Cidlowski, 2013). However, GR levels
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FIGURE 1 Inflammation in aged mice. Levels of TNF-a (a) and IL-6 (b) in sera from young (10 weeks) and aged (20-22 months) C57BL/é
mice as determined by ELISA; untreated: n = 12 (young) or n = 15 (aged), LPS (5 mg/kg BW, 4 hr): n = 6. (c) PMs obtained from young and
aged mice were stimulated with LPS (100 ng/ml, 4 hr), and TNF was quantified in the supernatants by bioassay (n = 4, triplicates). (d) H,0,
production was measured in PM supernatants by homovanillic acid assay (young: n = 5, aged: n = 6). (e, f) ERK phosphorylation after LPS
treatment (100 ng/ml) was examined by Western blot. Total ERK (tERK) and tubulin served as loading controls. (e) One representative

blot out of six is shown. (f) pERK1/2 signal intensities were normalized to total ERK1/2. Values for untreated cells from young mice were

set as 1 (n = 6 in replicates). (g) Gene expression in PMs from young and aged mice was determined by gPCR and normalized against the
housekeeping gene (Ppia). Values for PMs from young mice were set as 1 (n = 14). Box plots show the 25-75th percentiles (box), mean
(square), median (line), and SD (whiskers). Bars show the mean + SEM, and circles within bars indicate the mean of each individual experiment.
*p < .05, **p < .01, ***p < .001 by two-tailed t test (a-c), Mann-Whitney U test (d, g), or ANOVA with Bonferroni's post hoc test (f)
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FIGURE 2 Decreased GC levels in aged mice. (a) Total serum corticosteroid levels were quantified in sera of young (n = 24) and aged

(n = 15) mice by ELISA. (b, c) Corticosterone (b) and 11-dehydrocorticosterone (11-DHC, c) concentrations were determined in sera of

young (n = 15) and aged (n = 7) mice by LC-HRMS/MS. (d, e) CRH (d) and ACTH (e) levels were determined in sera of young (n = 34) and aged
(n = 33) mice by ELISA. (f) Expression levels of genes involved in cholesterol homeostasis and corticosteroid biosynthesis were measured

in adrenal glands from young (n = 12) and aged (n = 8) mice by qPCR, normalized against the housekeeping gene (Csnk2a2), and expressed

as x-fold of samples from young mice. (g) Expression of GR mRNA (Nr3c1) in PMs and PBLs from young and aged mice (n = 14). Data were
normalized against the housekeeping gene (Ppia) and are expressed as fold change of young. (h, i) GR protein levels were measured by
Western blot in PMs obtained from young (n = 12) and aged (n = 16) mice. (h) Representative blot. (i) GR signal intensities were normalized to
the loading control GAPDH and are expressed as x-fold of young. Box plots show the 25-75th percentiles (box), mean (circle), median (line),
and SD (whiskers). *p < .05, **p < .01, ***p < .001 by two-tailed t test (a, d, €) or Mann-Whitney U test (b, c, f)
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remained unchanged with aging in PMs, peripheral blood leuko-
cytes (PBLs), liver, lung, and lymphoid tissues (Figure 2g-i and
Figure S1).

It is well established that macrophages and other cells and tis-
sues can generate active cortisol from inactive cortisone to locally
amplify steroid action (Gilmour et al., 2006). We, therefore, deter-
mined gene expression levels of the enzyme 11p-hydroxysteroid
dehydrogenase type 1 (11p-HSD1, Hsd11b1), which locally converts
GCs to their active form. We found a significantly lower Hsd11b1
gene expression in PM and PBLs from aged mice (Figure 3a), and
also in the liver, where the enzyme is most abundant (Figure S2A).
Accordingly, 11p-HSD1 protein levels were reduced in aged PMs
(Figure 3b,c). On the other hand, the gene expression of Hsd11b2,
the isozyme that exerts dehydrogenase (cortisol/corticosterone to
cortisone/11-DHC) activity, remained unchanged in PMs and PBLs
from aged mice compared with young controls (Figure S2b).

Transcription of Hsd11b1 is regulated by members of the CCAAT/
enhancer-binding protein (C/EBP) family of transcription factors
(Chapman, Holmes, & Seckl, 2013). To determine whether these up-
stream regulators of 11p-HSD1 were altered in aged PM and PBL,
mRNA levels of C/EBPx and C/EBPp were measured. Both genes
were significantly downregulated in PMs from aged animals. In PBLs,
a similar tendency for Cebpa expression was observed, while the ex-
pression of Cebpb remained unchanged (Figure S2¢,d).

Since 11p-HSD1 regulates the intracellular availability of active
GCs, age-related changes in 11p-HSD1 reductase activity were eval-
uated by measuring the conversion rate of deuterated cortisone
to cortisol in isolated young and aged PMs by LC-HRMS/MS. The
downregulation of the enzyme was indeed paralleled by lower lev-
els of intracellular conversion of cortisone to cortisol (Figure 3d,e).
These findings suggested that reduced 11-HSD1 expression trans-
lates into less corticosterone available to activate the GR in aging
macrophages in the in vivo setting.

To assess the functional consequences of the loss of 113-HSD1,
THP-1 macrophages were pretreated with the 118-HSD1 inhibitor
PF915275, followed by an analysis of GR translocation upon cor-
tisone treatment. 11p-HSD1 inhibition abrogated GR translocation
(Figure 3f) and reduced the cortisone-induced expression of GR-
responsive genes, particularly the anti-inflammatory mediator gluco-
corticoid-induced leucine zipper (GILZ, Tsc22d3) (Figure 3g). Similar
results were obtained when using PMs from young mice instead of
THP-1 cells (Figure 3h).

2.3 | GILZ downregulation as a feature of
inflammaging

Our data suggested GILZ expression as an indicator of altered GC
homeostasis. Thus, we analyzed its expression in human blood sam-
ples from the publicly available GTEx database (version 8). GILZ
tended to be downregulated in human blood samples from aged indi-
viduals, although the expression levels showed high inter-individual
variability (Figure 4a).

Aging el

To further elucidate whether GILZ expression was affected by
the aging process, we measured its expression in various murine
cells and tissues. Based on a multi-color flow cytometric analysis
(Figure 4b,c and Figure S3), we found that GILZ was highly expressed
in myeloid peripheral blood cells from young animals (Figure 4d),
and was significantly downregulated in monocytes from aged mice
(Figure 4e).

Furthermore, flow cytometric quantification of GILZ expression
in PMs obtained from aged mice showed reduced GILZ levels when
compared with cells derived from young animals (Figure 5a,b). GILZ
was highly expressed in myeloid cells in livers, spleens, and mesen-
teric lymph nodes from young mice (Figure 5c¢, Figures S4 and S5). In
tissues from aged animals, we observed a downregulation of GILZ,
which was particularly evident in the monocyte and macrophage
compartment (Figure 5d, Figures S4 and S5).

GILZ represents a potent endogenous suppressor of inflamma-
tory responses (Bereshchenko, Migliorati, Bruscoli, & Riccardi, 2019;
Hoppstadter & Kiemer, 2015; Ronchetti, Migliorati, Bruscoli, &
Riccardi, 2018). Thus, we hypothesized that the loss of GILZ in aging
macrophages might contribute to inflammaging. To test this hy-
pothesis, we compared young mice bearing a myeloid-specific GILZ
knockout (KO) with young and aged wild-type (WT) mice. The phe-
notype of aged mice was mimicked in young GILZ KO mice: Both
baseline and LPS-induced serum TNF-« levels were elevated in both
groups (Figure 6a). Furthermore, we analyzed aspects of cell activa-
tion in PMs from young WT, old WT, and young KO mice (Figure é6b-
e). TNF production, generation of reactive oxygen species, and ERK
phosphorylation were increased both in macrophages from aged WT
as well as young KO animals, indicating that the downregulation of
GILZ might be a central feature of inflammaging.

3 | DISCUSSION

Aging, defined as the functional decline that occurs during
the lifespan of an organism, constitutes a risk factor for sev-
eral human pathologies (Lopez-Otin, Blasco, Partridge, Serrano,
& Kroemer, 2013). For instance, the prevalence and mortal-
ity associated with CVD are expected to grow exponentially, as
the world population continues to age (Costantino, Paneni, &
Cosentino, 2016). Inflammation is known to promote aging pro-
cesses (Franceschi et al., 2018; Kennedy et al., 2014). Indeed, lon-
gitudinal studies have shown a correlation between inflammation
and longevity, capability, and cognition in the aged population
(Arai et al., 2015). The changes in the immune system associated
with aging, globally known as immunosenescence, affect both in-
nate and adaptive immunity. Rather than solely detrimental, such
changes represent an adaptive/remodeling response that results in
dysregulated homeostasis not only of immunity, but also of other
systems that influence and are influenced by the immune system,
such as the nervous and endocrine systems (Fulop et al., 2017).
The chronic, low-grade systemic inflammatory state observed
with advancing age, termed inflammaging (Franceschi et al., 2000),
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involves functional alterations of immune cells as a consequence
of different mechanisms, including cellular senescence, oxida-
tive stress, mitochondrial dysfunction, defective autophagy and
mitophagy, inflammasome activation, and dysbiosis (Franceschi
et al., 2018). Population studies have demonstrated that aged
individuals show elevated circulating levels of pro-inflammatory
mediators/markers, such as TNF-«, IL-6, and CRP, which correlate

with increased risk of morbidity and mortality (Bandaranayake &
Shaw, 2016; Minciullo et al., 2016).

While the mechanisms responsible for the initiation of inflam-
maging are still widely unknown, an increasing body of evidence
suggests that the accumulation of SCs is critically involved in this
process. Factors secreted by cells with a senescence-associated
secretory phenotype (SASP), that is, pro-inflammatory cytokines
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FIGURE 3 Alterations in GC metabolism in aged immune cells. (a) Hsd11b1 expression in PMs and PBLs from young and aged mice

(n = 14) was measured by RT-qPCR, normalized to Ppia, and expressed as x-fold of young. (b, ¢) 11-HSD1 protein expression was measured
in PMs (young: n = 12, aged: n = 11). (b) Representative blot. (c) Densitometric analysis, normalized to the housekeeping protein tubulin.
Values for young mice were set as 1. (d, €) PMs isolated from young and aged animals (n = 10) were incubated for 1 or 24 hr with 0.1 uM

(d) or 1 uM (e) cortisone-D8, and the conversion to cortisol-D8 was measured in supernatants by LC-HRMS/MS. Conversion percentages
were normalized to total protein content. (f, g) THP-1 macrophages were treated with either vehicle (0.1% DMSO) or the 113-HSD1 inhibitor
PF915275 (100 nM) for 1 hr, followed by cortisone treatment (100 nM) for 4 hr. (f) GR content in nuclear and cytosolic fractions was
analyzed by Western blot. Lamin (A/C) was used as an indicator for the presence or absence of nuclear proteins. One representative blot is
shown. Densitometric quantification data are presented as x-fold of the nuclear/cytosolic GR ratio in cortisone-treated cells (n = 4, *p < .05
versus cortisone-treated cells). (g) GR-dependent gene expression was analyzed by gPCR and normalized to the housekeeping gene ACTB.
Data are presented as x-fold of vehicle-treated cells (n = 3, triplicates). (h) PMs obtained from young mice were treated with either vehicle
(0.1% DMSO) or PF915275 (100 nM) for 1 hr, followed by cortisone treatment (100 nM) for 4 hr. Gilz and Dusp1 expression were analyzed by
qPCR, normalized to the housekeeping gene Ppia, and expressed as x-fold of vehicle control (n = 8). Box plots show the 25-75th percentiles
(box), mean (circle), median (line), and SD (whiskers). Bars show the mean + SEM. *p < .05, **p < .01, ***p < .001 by two-tailed t test (a, c), one-
sample t test (f), Mann-Whitney U test (d, e), or ANOVA with Bonferroni's post hoc test (g, h)

and chemokines, matrix metalloproteinases, and growth factors,
have been shown to contribute to age-related diseases. This
pro-inflammatory program is thought to be activated in order
to initiate the immune-mediated clearance of SCs (Tchkonia
et al., 2013; van Deursen, 2014). Noticeably, macrophage deple-
tion by clodronate treatment has been reported to induce a drastic
reduction of age-associated inflammatory responses to systemic
immunostimulation in aged mice (Bouchlaka et al., 2013). These
findings strongly support the hypothesis that macrophages play
a vital role in aging processes, a phenomenon previously termed
“macroph-aging” (Franceschi et al., 2000). In line with these as-
sumptions, our data show an inflammatory phenotype in old ver-
sus young adult mice, as indicated by elevated TNF-« and IL-6
serum levels, increased TNF-a and reactive oxygen species pro-
duction in macrophages from aged animals, and increased ERK
phosphorylation upon LPS stimulation.

The global pro-inflammatory state, however, is not the only
determinant of successful/unsuccessful aging, as a compensatory,
anti-inflammatory response, is observed in parallel to inflammag-
ing, particularly in very long-lived individuals (centenarians). The
mediators associated with anti-inflammaging include transforming
growth factor (TGF)-p, IL-10, dehydroepiandrosterone (DHEA), and
cortisol (Baylis, Bartlett, Patel, Roberts, 2013; Minciullo et al., 2016).
It is considered that, ultimately, the ability of the anti-inflammatory
network to cope with and modulate chronic inflammation is deter-
minant either to attain healthy aging and longevity or for the onset
of chronic inflammatory diseases.

The synthesis of GCs within the adrenal cortex is regulated by
the HPA axis via the release of CRH and arginine vasopressin (AVP)
from the hypothalamus. Subsequently, CRH and AVP stimulate
the secretion of ACTH from the anterior pituitary gland (Gupta &
Morley, 2014). Serum levels of both CRH and ACTH were reduced
in aged animals. The expression of genes involved in the regulation
of intracellular cholesterol levels or corticosteroid synthesis within
the adrenal gland remained unchanged, except that the ATP-binding
cassette transporter G1 (Abcgl) was upregulated. Although Abcgl
is mainly described to mediate cholesterol efflux, there might be
additional functions within the adrenal cortex, as suggested by a
mild glucocorticoid insufficiency observed in Abcg1 knockout mice

(Hoekstra et al., 2019). In summary, these observations suggest a
dysfunction of the HPA axis with advanced age.

The involvement of GC signaling and metabolism in chronic
inflammation and stress-related disorders, two phenomena that
occur with aging, has been a topic of interest for the last decades
(Herriot, Wrosch, Gouin, & Miller, 2017). Literature reports indicate
associations between both higher and lower GC levels and negative
health outcomes (Gaffey, Bergeman, Clark, & Wirth, 2016; Raison &
Miller, 2003). In rodents, an increase (Kizaki et al., 2002), no differ-
ences (Morano, Vazquez, & Akil, 1994) and, more recently, a decrease
(Zambrano, Reyes-Castro, & Nathanielsz, 2015) in serum corticoste-
roids with age have been reported. However, investigations on total
corticosteroid concentrations in blood or urine do not consider that
aging might affect the glucocorticoid metabolism.

Cellular GC responsiveness is determined by the intracellular
availability of active GCs, as well as the expression of GRs. Although
a previous study reported elevated GR mRNA expression in peri-
toneal exudate cells from aged mice (Kizaki et al., 1998), our find-
ings suggest that alterations in GC homeostasis from PMs are not
associated with altered GR expression but with reduced intracellular
activation of 11-DHC by 11p-HSD1.

Transcription of Hsd11b1 is controlled by members of the C/EBP
family of transcription factors. Interestingly, C/EBP« and C/EBPf
themselves are GC-inducible (Ayala-Sumuano et al., 2013; Chapman
et al., 2013), suggesting a feed-forward loop to further amplify local
glucocorticoid signaling. In our setting, both Cebpa and Cebpb were
downregulated in aged macrophages, implying that this regulatory
circuit might be disrupted in aged mice.

There might be different functional implications of blunted
11p-HSD1 signaling in aged macrophages: It has been shown that
11p-HSD1-deficient mice are more susceptible to endotoxemia, and
macrophages derived from these mice are hyperresponsive to LPS
stimulation (Zhang & Daynes, 2007). Loss of 11p-HSD1 in macro-
phages has also been associated with delayed phagocytic capacity
(Gilmour et al., 2006).

In our hands, pharmacological inhibition of 118-HSD1 resulted
in a decreased expression of GC-responsive genes, particularly GILZ.
GILZ was first identified as a dexamethasone-inducible gene in murine
thymocytes (D'Adamio et al., 1997) and has been suggested to play
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FIGURE 4 GILZ expression in human and murine blood samples from young and aged individuals. (a) GILZ expression in human blood
samples. Expression data were retrieved from the GTEx database and are shown as TPM (transcripts per million) (20-29 years: 27 9, 57 3;
70-79 years: 9 @, 18 g). (b) Representative histograms showing GILZ expression in myeloid subsets in young mice. Colored: GILZ signal; gray:
isotype control. (c) Representative histograms showing GILZ signals in cells from aged and young mice. Gray line: young; colored line: aged.

(d) Background-subtracted GILZ median fluorescence intensity (MFI) in myeloid blood cells from young mice (n = 14). **p <.01, ***p < .001
compared with MFI values for total CD45" cells by ANOVA with Bonferroni's post hoc test. (e) GILZ expression in myeloid subsets of aged
mice (n = 13). The GILZ MFI of young cells was set as 100% for each subset. Box plots show the 25-75th percentile (box), mean (circle), median
(line), and SD (whiskers). *p < .05, **p < .01 compared with the same subset in young animals by Mann-Whitney U test. Mono: monocytes
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FIGURE 5 GILZ expression in myeloid cells from young and aged mice. (a, b) GILZ expression in PMs from young and aged mice was
determined by flow cytometry. (a) Representative histogram. (b) Background-subtracted GILZ median fluorescence intensity (MFI) (young:
n = 8, aged: n = 10). (c) GILZ MFI in myeloid cells in the liver and lymphoid tissues of young mice (n = 10). ***p < .001 compared with MFI
values for total CD45" (liver) or total cells (spleen and lymph node), **p < .01, ***p < .001 compared with all other subsets (ANOVA with
Bonferroni's post hoc test. (d) GILZ expression in myeloid subsets of aged mice. The GILZ MFI of young cells was set as 100% for each
subset (n = 8). *p < .05, **p < .01, ***p < .001 compared with the same subset in young animals by Mann-Whitney U test. Box plots show the
25-75th percentiles (box), mean (circle), median (line), and SD (whiskers). Mono: monocytes; Mo/Mac: monocytes and macrophages; cDC:
classical dendritic cells; KC: Kupffer cells
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***p < .001 by ANOVA with Bonferroni's post hoc test

a critical role in the anti-inflammatory activity of GCs (Bereshchenko
et al,, 2019; Ronchetti et al., 2018). On the molecular level, GILZ fa-
cilitates its anti-inflammatory activity by binding to the pro-inflam-
matory transcription factors NF-kB and activator protein (AP)-1,
thereby preventing their nuclear translocation (Ayroldi et al., 2001;
Bruscoli et al., 2018). GILZ also interferes with mitogen-activated
protein kinase (MAPK) signaling, for example, by binding to Ras/Raf,
resulting in the inhibition of downstream MAP kinases, such as ERK

(Hoppstadter et al., 2015; Ricci et al., 2019). In this manner, GILZ plays
a vital role in macrophage activation (Hoppstadter et al., 2012, 2015;
Hoppstadter, Diesel, et al., 2019; Hoppstadter & Kiemer, 2015). Under
inflammatory conditions, repression of GILZ expression represents
a regulatory mechanism that prolongs and/or increases pro-inflam-
matory responses in human and murine macrophages (Hoppstadter
et al, 2012, 2015). In contrast, the immunosuppressive phenotype
of macrophages differentiated in the presence of M-CSF and IL-10 is
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associated with elevated GILZ expression (Seif, Hoppstadter, Breinig,
& Kiemer, 2017). Based on these observations and the findings on GC
homeostasis in aged mice shown within the present study, we hypoth-
esized that GILZ might be downregulated during inflammaging. We in-
deed observed reduced GILZ levels in blood monocytes, PMs, as well
as monocytes and macrophages in various tissues, from aged mice.
The analysis of publicly available GTEx datasets showed that GILZ
also tended to be downregulated in human blood samples from aged
individuals, although the expression levels showed high inter-individ-
ual variability. This may be explained by the fact that GILZ expression
follows a circadian rhythm (Ayyar, Almon, Jusko, & DuBois, 2015) and
can also be influenced by medication, most notably GCs and statins
(Bereshchenko et al., 2019; Hoppstadter et al., 2020).

To assess the functional implications of GILZ downregulation,
we compared young WT, old WT, and young myeloid-specific GILZ
KO mice, and found that GILZ KO mimicked the inflammaging phe-
notype. These data support the hypothesis that the loss of GILZ
in aging macrophages fuels the process of tissue inflammaging. Of
note, other effectors of GC responses, such as dual-specificity phos-
phatase 1 (Dusp1) (Hoppstadter & Ammit, 2019), may also contribute
to the overall effect.

In summary, the present study suggests a link between GC me-
tabolism and the age-related inflammatory status that was unknown
to date. The reduced circulating corticosterone levels, together with
a decreased availability of active GCs within cells as a consequence
of diminished 11p-HSD1 expression, might contribute to the imbal-
ance between pro- and anti-inflammatory signaling in aged macro-
phages, thus promoting inflammaging.

4 | EXPERIMENTAL PROCEDURES
4.1 | Materials

Fetal bovine serum (FBS, #F7524), RPMI1640 (#R0883), trypsin/EDTA
(#73924), Accutase (#L11-007-1), penicillin/streptomycin (#P433), and
glutamine (#G7513) were from Sigma-Aldrich. Anti-p44/42 (ERK1/2)
mouse antibody (L34F12, #4696S) and anti-phospho-p44/42 MAPK
(Thr202/Tyr204) rabbit mAbs (20G11, #4376S) were obtained from
Cell Signaling Technology. The anti-tubulin antibody (#T9026) was
obtained from Sigma-Aldrich. The anti-GAPDH antibody (OTI2D9,
#TA802519) was from OriGene. Anti-rabbit IRDye 680- and anti-
mouse/anti-goat IRDye 800-conjugated secondary antibodies were
from LI-COR Biosciences (#926-68071, #926-32210, #926-32214).
The anti-rabbit IRDye 800-conjugated secondary antibody was ob-
tained from Rockland (#612-132-120). Antibodies for flow cytom-
etry, that is, anti-CD16/CD32 (Fcy l1I/1l Receptor) (2.4G2, #553142),
anti-CD45-FITC (104, #561874), anti-CD45R/B220-FITC (RA3-6B2,
#553087), anti-NK-1.1-Brilliant Violet™ 510 (PK136, #563096),
anti-CD11c-APC (HL3, #550261), anti-CD11b-APC-R700 (M1/70,
#564985), anti-CD14 Brilliant Violet™ 510 (rmC5-3, #740125), anti-
I-A/I-E-PerCP-Cy™ 5.5 (M5/114.15.2, #562363), anti-F4/80-Bril-
liant Violet™ 421 (T45-2342, #565411), anti-Ly6G-APC-H7 (1A8,
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#565369), anti-Ly6C-Brilliant Violet™ 421 (AL-21, #562727), and
Brilliant stain buffer (#563794) were obtained from BD Biosciences.
Anti-GILZ-PE (CFMKG15, #12-4321-82) and PE-labeled rat 1gG2ax
isotype control (eBR2a, #12-4033-82) were from eBioscience. Anti-
CD68-Alexa594 (FA-11, #137020) and the Zombie Yellow viability
stain (#423104) were from BioLegend. The anti-11p-HSD1 polyclonal
goat antibody (#AF3397-SP) was from Abcam. Anti-GR rabbit mAb
(D8H2, #3660) and anti-Lamin A/C rabbit polyclonal Ab (#2032) were
from Cell Signaling.

The TNF-a and IL-6 ELISA kits were purchased from Cayman
Chemical (#500850, #583371), the corticosterone ELISA kit (#ADI-
900-097) was from Enzo, and the CRH (#CEA835M) and ACTH
(#CEA836Mu) ELISA kits were from Cloud Clone. Ultrapure LPS
from Escherichia coli K12 (#tlrl-peklps) was obtained from InvivoGen.
Phorbol 12-myristate 13-acetate (PMA, #524400) was from Cayman
Chemical. MTT (# M5655), actinomycin D (#A9415), homovanillic
acid (HVA, #H1252), and horseradish peroxidase (#P8250) were
obtained from Sigma-Aldrich. Murine M-CSF (#130-101-704) and
TNF-a (#130-101-689) were obtained from Miltenyi Biotec. The
11p-HSD1 inhibitor PF 915275 was obtained from Santa Cruz (#sc-
204182). DNA oligos were provided by Eurofins Genomics. The 5x
HOT FIREPol® EvaGreen® qPCR Mix Plus was from Solis BioDyne
(#08-25). Other chemicals were obtained from either Sigma-Aldrich
or Carl Roth unless stated otherwise.

4.2 | Mice

Mice were housed in a 12/12-hr light/dark cycle with food and water
ad libitum. Myeloid-specific GILZ knockout (KO) mice were gener-
ated as previously described (Bruscoli et al., 2012; Hoppstadter
et al., 2015). For aging studies, young (10 weeks) and aged (20-
22 months) C57BL/6J mice were either not treated or treated with
one intraperitoneal injection of 5 mg/kg LPS (#tIrl-smlps; InvivoGen)
or vehicle (endotoxin-free DPBS, #TMS-012-A; Sigma-Aldrich)
for 4 hr before sacrifice (approval number GB 3-2.4.2.2-06/2016).
Female mice were used for LPS injections. Groups of untreated
mice comprised both male and female mice. No sex-dependent dif-
ferences in any of the readout parameters were observed (data not
shown).

4.3 | Cell culture
4.3.1 | Murine peritoneal macrophages

Peritoneal macrophages were isolated from young and aged C57BL/6)
mice by washing the peritoneal cavity with cold PBS-EDTA (137 mM
NaCl, 2.7 mM KCl, 10.1 mM Na,HPO,, 1.8 mM KH,PO,, 5 mM
Na,EDTA, pH 7.4). The fluid was collected and centrifuged for 10 min
at 350 g and 4°C. Cells were resuspended in RPMI-1640 medium sup-
plemented with 10% FCS (FBS Good Forte, #P40-47500; PAN-Biotech),
100 U/ml penicillin, 100 pg/ml streptomycin, and 2 mM glutamine,



Results: Altered Glucocorticoid Metabolism Represents a Feature of Macroph-aging

VALBUENA PEREZ eT AL.

2ot | BAGing Cell

seeded into a 35 mm cell culture dish, and allowed to adhere for 2 hr.
Nonadherent cells were removed by washing with PBS, and PMs were
detached with Accutase. The cell suspension was centrifuged, and the
pellets were frozen at -80°C. Alternatively, cells were resuspended and
plated in RPMI-1640 medium without FCS and, after removing the non-
adherent cells after 1 hr, treated as indicated. PMs were >95% pure as
determined by flow cytometric analysis of F4/80 and CD68 expression
(data not shown).

4.3.2 | Murine peripheral blood leukocytes

Whole blood from young and aged C57BL/6J mice was collected in
PBS-EDTA (5 mM EDTA in PBS) containing tubes and centrifuged at
500 g and 4°C for 20 min. The cell pellet was resuspended in 1 ml
erythrocyte lysis buffer (155 mM NH,CI, 10 mM KHCO,, 1 mM
Na,EDTA) and incubated on ice for 15 min. After 5 min of centrifu-
gation at 500 g and 4°C, the supernatant was discarded and the PBL
pellet was frozen at =80°C until further use.

4.3.3 | Celllines

THP-1 (#TIB202) and L929 cells (#CRL-6364) were obtained from
ATCC and grown in standard medium (RPMI 1640, 10% FCS, 100 U/
ml penicillin G, 100 pg/ml streptomycin, 2 mM glutamine). THP-1
cells were differentiated into macrophage-like cells by treatment
with PMA (100 ng/ml) for 48 hr and kept in serum-free medium for
cortisone treatment.

4.4 | Enzyme-linked immunosorbent assay

Serum TNF-a, IL-6, corticosteroid, CRH, and ACTH levels were
quantified in murine serum samples by ELISA as recommended by
the supplier.

4.5 | TNF bioassay

Murine TNF (TNF-a/p) levels in cell culture supernatants were quan-
tified by bioassay as previously described (Hoppstadter, Diesel,
et al., 2019; Hoppstadter et al., 2015).

4.6 | Homovanillic acid assay

H,O, levels were measured using the homovanillic acid (HVA)
assay, as described previously (Kessler et al., 2017). PMs were
seeded at a density of approximately 2.5 x 10° cells per well into
a 24-well plate. After 1 hr, cells were washed with PBS twice and
300 pl freshly prepared HVA solution (100 pM HVA, 4 U/ml horse-
radish peroxidase, dissolved in PBS containing Ca®* and Mgz";

Sigma-Aldrich) was added. Cells were then incubated at 37°C for
2 hr. 40 ul HVA stop buffer (0.1 M glycine, 0.1 M NaOH, 25 mM
EDTA in water; Sigma-Aldrich) were added to each well of a black
96-well plate, and 260 pl of the extracellular HVA supernatant were
added. The fluorescence (312 nm excitation, 420 nm emission)
was determined using a SpectraMax M5e (Molecular Devices). A
standard curve of H,0, (0-5 uM) was run alongside the samples.
Total cellular protein concentrations used for data normalization
were determined by Pierce BCA protein assay (Thermo Fisher
Scientific, #23225) according to the manufacturer's instructions.

4.7 | Quantitative RT-PCR

Quantitative RT-PCR (gqPCR) was performed as described previously
(Dembek et al., 2017; Hoppstadter, Dembek, et al., 2019; Hoppstadter,
Diesel, et al., 2019; Hoppstadter et al., 2015, 2016; Kessler et al., 2017).
Total RNA from cells was isolated using the High Pure RNA Isolation
Kit (#11828665001; Roche), following the manufacturer's instruc-
tions. Total RNA from murine tissue was isolated using the QIAzol lysis
reagent (#79306; Qiagen) as recommended by the supplier. Residual
genomic (g) DNA contamination was removed using the DNA-free™
DNA Removal Kit (#AM1906; Thermo Fisher Scientific). To verify the
absence of gDNA, a SINE-PCR was performed using the GenScript
Taqg DNA polymerase (#£E00007; GenScript). The primer sequences
were as follows: forward 5'-CTTCTGGAGTGTTTGAAGAC-3', reverse
5'-CTGGAACTCACTCTGAAGAC-3'. RNA was considered free of
gDNA contamination when no product was detected by agarose gel
electrophoresis.

RNA was reverse-transcribed using the High Capacity
cDNA Reverse Transcription Kit (#4368813; Thermo Fisher
Scientific) in the presence of an RNase inhibitor (RNaseOUT™,
#10777019; Thermo Fisher Scientific) following the manufactur-
er's instructions.

qPCR was performed using the 5x HOT FIREPol EvaGreen qPCR
Mix and a total volume of 20 pl. The primer sequences and annealing
temperatures for each transcript are detailed in Table S1. The CFX96
touch™ Real-Time PCR detection system (Bio-Rad Laboratories) was
used to quantify gene expression. Data were analyzed either by abso-
lute quantification, using a standard curve of the PCR product cloned
into the pGEM-T Easy vector (#A1360, Promega), or with the compar-
ative AACt method. Housekeeping genes were chosen based on the
literature, or after evaluating the expression stability of at least three
candidate genes under the experimental conditions, using the geNorm,
NormFinder, and BestKeeper Software tools. Absolute amounts of the
transcript were normalized to the corresponding housekeeping genes.

4.8 | Western Blotting

Protein lysates were prepared in either SB lysis buffer (50 mM
Tris-HCI, 1% SDS, 10% glycerol, 5% p-mercaptoethanol, 0.004%
bromophenol blue, in water) or RIPA buffer (50 mM Tris-HCI, 1%
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Triton X-100, 0.1% SDS, 0.5% sodium deoxycholate, 150 mM NaCl,
in water), supplemented with a protease inhibitor cocktail (cOm-
plete® Mini, #04693124001; Roche). Samples were sonicated for 5s
and stored at -80°C until further analysis. The protein concentra-
tion in RIPA lysates was measured using the Pierce™ BCA Protein
Assay Kit (#23225; Thermo Fisher Scientific) (Dembek et al., 2017;
Hoppstadter, Diesel, et al., 2019).

The cell fractionation was performed based on a published
method (Suzuki, Bose, Leong-Quong, Fujita, & Riabowol, 2010).
Briefly, cells were washed with ice-cold PBS once and detached by
scraping. After centrifugation (4°C, 12,000 g, 30 s) the supernatant
was discarded, and the cell pellet was resuspended in 0.1% NP-40 in
PBS. The supernatant obtained after centrifugation (4°C, 12,000 g,
30 s) represented the cytosolic fraction. The remaining pellet, that
is, the nuclear fraction, was resuspended in 0.1% NP-40 in PBS. One
volume of 2x Laemmli buffer with -mercaptoethanol (100 mM Tris-
HCI, pH 6.8, 2% SDS, 20% glycerol, 10% p-mercaptoethanol, 0.008%
bromophenol blue), supplemented with a protease inhibitor cocktail
(cOmplete® Mini, #04693124001; Roche), was added to one volume
of sample. After sonication, samples were boiled at 95°C for 1 min
and were stored at -80°C until further analysis.

SDS-polyacrylamide gel electrophoresis, blotting, and stain-
ing were performed as described previously. Signals were de-
tected using an Odyssey® Near-Infrared Imaging System and
software (LI-COR Biosciences) (Dembek et al., 2017; Hoppstadter,
Dembek, et al., 2019; Hoppstadter, Diesel, et al., 2019; Hoppstadter
etal., 2016).

49 | Flow cytometry

Murine spleens and mesenteric lymph nodes were disrupted man-
ually by carefully pushing them through a 40-um EASYstrainer
(#542040; Greiner Bio-One) while washing with RPMI 1640 without
additives. Peripheral blood samples (50 ul) were collected from the
tail vein and diluted in 1 ml cold PBS-EDTA. Cells were centrifuged,
resuspended in erythrocyte lysis buffer (155 mM NH,CI, 10 mM
KHCO,, 1 mM Na,EDTA) and incubated on ice for 10 min. Liver sam-
ples were generated by digestion of the left lateral liver lobe using
the liver dissociation kit (#130-105-8807; Miltenyi Biotec) and the
gentleMACS Octo Dissociator (Miltenyi Biotec) according to the
manufacturer's instructions.

Cells were washed with PBS and stained with a viability dye (Zombie
Yellow, #423101; BiolLegend) at room temperature in the dark for
20 min, followed by a blocking step with mouse BD Fc Block™ (#553142)
at room temperature for another 10 min. Extracellular markers were
stained by incubation with an antibody cocktail diluted in Brilliant stain
buffer (#563794; BD Biosciences) on ice in the dark for 30 min. The
composition of the antibody cocktails is given in Table S2. Cells were
washed with FACSwash (PBS with 2.5% FCS and 0.05% sodium azide)
and fixed for 30 min on ice in eBioscience™ IC Fixation Buffer (1:1 in
PBS, #00-8222-49; Thermo Fisher Scientific), followed by intracellular
staining with either anti-GILZ-PE or the corresponding isotype control.
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For intracellular staining, cells were permeabilized with sapo-
nin buffer (0.2% saponin in FACSwash) for 10 min at room tem-
perature and blocked on ice in saponin blocking buffer (PBS with
20% FCS and 0.2% saponin) for 30 min. After centrifugation, cells
were resuspended in 200 pl saponin buffer. 100 pl of the cell sus-
pension were incubated with anti-GILZ-PE (5 pg/ml), and 100 pl
were incubated on ice and in darkness with the appropriate iso-
type control (5 pg/ml) for another 30 min. Subsequently, samples
were washed in saponin buffer and resuspended in eBioscience™
IC Fixation Buffer. The specificity of the anti-GILZ antibody was
validated by negative staining of GILZ knockout cells (Hoppstadter
et al., 2016).

Sample analysis was performed on a BD LSRFortessa (BD
Biosciences) using BD FACSDiva 8.0 software. The ArC amine-reac-
tive compensation kit (Invitrogen, #A10346), anti-rat/hamster beads
(BD Biosciences, #552845), or anti-mouse plus beads (BD, #560497)
were used to generate compensation controls. All gates were set by
using the appropriate fluorescence minus one (FMO) control (Kessler
etal, 2019).

4,10 | Determination of steroid levels via LC-HRMS/
MS

The determination of steroid levels was performed using liquid
chromatography-high-resolution mass spectrometry (LC-HRMS/
MS). Samples were mixed 1:1 with an internal standard (cortisol-D4,
100 pg/ml in acetonitrile containing 0.1% formic acid), and centri-
fuged at 18,407 g and -10°C for 10 min. The supernatant was trans-
ferred into an MS vial, and a volume of 5 pl was used for analysis.

Chromatographic separation of the analytes was carried out
on a Dionex UltiMate UHPLC System (Thermo Fisher Scientific)
using an Accucore™ Phenyl-Hexyl LC column (100 mm x 2.1 mm,
2.6 um) heated to 40°C. Mobile phase A was water with 0.1% for-
mic acid and ammonium formate; mobile phase B was acetonitrile
with 0.1% formic acid. The LC gradient was as follows: Starting
with 2% solvent B over 0.1 min, the gradient was increased to
98% solvent B until 5 min, maintained at 98% until 7.5 min, and
decreased to 2% until 10 min. The flow rate was set to 600 pl/
min. Detection of analytes was achieved via high-resolution mass
spectrometry on a Thermo Fisher Q-Exactive Plus equipped with
heated electrospray ionization (HESI)-Il source. The HESI-II source
conditions were as follows: sheath gas, nitrogen, at 55 arbitrary
units; auxiliary gas, nitrogen, at 15 arbitrary units; temperature,
450°C; spray voltage, 3.50 kV; ion transfer capillary temperature,
275°C; and S-lens RF level, 55.0. Mass spectrometry was done in
positive polarity mode using targeted single ion monitoring (tSIM)
mode. The settings for tSIM mode were as follows: resolution,
35,000; microscans, 1; AGC target, 5e4; maximum IT, 200 ms;
isolation window, 2.0 m/z; normalized collision energy (NCE), 35;
scan range, m/z 150-900; spectrum data type, profile; and under-
fill ratio, 0.5%. The peak areas of the analytes were normalized
using the internal standard peak area ratio.
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411 | Determination of 11p-HSD1 activity in
peritoneal macrophages

The activity of 11p-HSD1 in PMs from young and aged mice was
measured after incubating the cells with 0.1 uM or 1 uM cortisone-
D8 for 1 or 24 hr. At the end of treatment, supernatants were col-
lected and cortisone-D8 and cortisol-D8 levels were analyzed as
described under 1.9. The conversion to cortisol-D8 was expressed as
a percentage of the total steroid amount measured and is presented
as a ratio to total cellular protein content within the well. Protein
concentrations were determined after lysing the cells in RIPA buffer
by using the Pierce™ BCA Protein Assay Kit (#23225; Thermo Fisher
Scientific) as recommended by the supplier.

412 | GTEXx data retrieval and expression analysis

The data used for the analyses described in this manuscript were
downloaded from the GTEx Portal on 02/14/20, corresponding
to GTEx Analysis data V8 (GTEx Consortium, 2017). Expression
data (TPM values) in the file GTEx_Analysis_2017-06-05_v8_
RNASeQCv1.1.9_gene_tpm.gct were linked to meta-information
using GTEx_Analysis_v8_Annotations_SampleAttributesDS.xls and
GTEx_Analysis_v8_Annotations_SubjectPhenotypesDS.txt files in
the R programming language.

4,13 | Statistics

Box plots show the 25-75th percentiles (box), mean (circle), median
(line), and SD (whiskers). Results within bar graphs are expressed as
mean = SEM. Statistically significant differences between means
were determined using the GraphPad Prism 6.0 or Origin 2019 soft-
ware. Outliers were determined using the Grubbs' test or Dixon's Q
test. Unless stated otherwise, an unpaired Welch's t test was per-
formed for the comparison of two groups, and the comparison of
three or more groups was carried out by one- or two-way analysis
of variance (ANOVA) followed by Bonferroni's post hoc analysis for
individual differences. Where specified, median comparison of two
groups was performed using Mann-Whitney U test. Results were
considered significant at p < .05.
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Supplementary  figure
S1. GR expression across
tissues. GR  (Nr3cl)
expression in tissues from
young and aged mice.
mRNA expression levels
were measured in heart,
liver, lung, lymph nodes,
skeletal muscle, and
spleen tissues, normalized
against the housekeeping
gene Ppia, and expressed
as x-fold of young (n=9-
13). Box plots show the
25-75" percentiles (box),
mean (square), median
(line), and SD (whiskers).
*p<0.05 relative to young
mice, as determined by
two-tailed t-test.
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Supplementary figure S2. Alterations in the expression of genes involved in GC metabolism. (a) Hsdl1bl
expression in livers of young and aged mice (young: n=13, aged: n=11) was measured by qPCR, normalized to
Ppia, and expressed as x-fold of young. (b-d): Hsd11b2 (b), Cebpa (c), and Cebpb (d) expression levels were
measured in PMs and PBLs (n=14), normalized to Ppia, and expressed as x-fold of young. Box plots show the
25-75th percentiles (box), mean (square), median (line), and SD (whiskers). *p<0.05, **p<0.01, ***p<0.001 by
two-tailed t-test.
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Supplementary figure S3. Determination of GILZ expression in myeloid cells in peripheral blood from young
and aged mice. A: Gating strategy for the quantification of GILZ in myeloid cells from tail vein blood. Gates were
set using fluorescence minus one (FMO) controls (not shown).
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Supplementary figure S4. Determination of GILZ expression in myeloid cells in lymphoid tissues from young
and aged mice. (a) Gating strategy for the quantification of GILZ in myeloid cells from lymphoid tissues. Gates
were set using fluorescence minus one (FMO) controls (not shown). (b) Representative histograms showing GILZ
expression in myeloid subsets in young mice. Colored: GILZ signal, gray: isotype control. (c) Representative
histograms showing GILZ signals in cells from aged and young mice. Gray line: young; colored line: aged.
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Supplementary figure S5. Determination of GILZ expression in myeloid cells in liver tissue from young and aged
mice. (a) Gating strategy for the quantification of GILZ in myeloid cells from liver tissue. Gates were set using
fluorescence minus one (FMO) controls (not shown). (b) Representative histograms showing GILZ expression in
myeloid subsets in young mice. Coloured: GILZ signal, gray: isotype control. (c) Representative histograms
showing GILZ signals in cells from aged and young mice. Gray line: young; colored line: aged.
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2. Supplementary tables

Supplementary table S1: qPCR conditions.

Gene NCBI Forward primer Reverse primer sequence pl primer  Annealing
Accession sequence 5°-3° 5-3" [10 nM] / T (°C)
number 20 pl
reaction
Human
ACTB NM_001101.3 TGCGTGACATTAAGG  GTCAGGCAGCTCGTA 0.5 60
AGAAG GCTCT
ANXAI NM _000700.3 CTCACAGCTATCGTGA TGCCTTATGGCGAGTT 0.5 60
AGTGC CCAA
DUSP1 NM 0044174 CAGCTGCTGCAGTTT AGGTAGCTCAGCGCA 0.5 60
GAGTC CTGTT
SGK1 NM 0056274 GGACTCTGCAAGGAG GCTGCTTATGAAGCAC 0.5 60
AACATTG CTCAG
7SC22D3 NM _004089.3 TCCTGTCTGAGCCCTG AGCCACTTACACCGCA 0.5 60
(GILZ) AAGAG GAAC
Mouse
Abcal NM_ 0134543 ACAAGTCCATCGTGTC GGGATGCTTGATCTGC 0.5 60
TCGC CGTA
Abcgl ' NM_009593.2 ACACCGATGTGAACC CAGATGTGTCAGGAC 0.5 60
CGTIT CGAGT
Apoe NM_009696.3 CAGTGGCCCAGGAGA TCACAGAGACTCAGA 0.5 60
ATCAAT ATGTGC
Cdknla  NM 007669.5 GACCAGCCTGACAGA TGGGCACTTCAGGGTT 0.5 60
TTTCTA TTCT
Cdkn2a  NM 009877.2 CGGGGACATCAAGAC GCCGGATTTAGCTCTG 0.5 60
ATCGT CTCT
Cebpa NM 0012875 TTCGGGTCGCTGGATC TCAAGGAGAAACCAC 0.5 60
23.1 TCTA CACGG
Cebpb NM 0012877 GGAGACGCAGCACAA  AGCTGCTTGAACAAG 0.5 60
39.1 GGT TTCCG
Csnk2a2 NM 0099743 GTAAAGGACCCTGTGT GTCAGGATCTGGTAG 0.8 60
CAAAGA AGTTGCT
Cyplla2 NM 0197794 ATGAGATCCCTTCCCC TGCCCAGCTTCTCCCT 0.5 60
TGGC GTAAA
Hmgcr NM 008255.2 ATCCAGGAGCGAACC CAGAAGCCCCAAGCA 0,5 60
AAGAGAG CAAAC
Hsdl11bl  NM _008288.2 GGAACCCAGGAAGGA CAGGCAGGACTGTTCT 0.5 60
AGATCA AAGAC
HsdI1b2 NM 008289.2 AACCTCTGGGAGAAA  GGCATCTACAACTGG 0.5 60
CGCAAG GCTAAGG
1l1b NM _008361.3 CCAAAAGATGAAGGG GGAAGGTCCACGGGA 0.5 60
CTGCTT AAGAC
116 NM 031168.2 AAGAAATGATGGATG  GTACTCCAGAAGACC 0.4 60
CTACCAAACTG AGAGGAAATT
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Ldlr NM _010700.3 TCAATGGGGGCAATC  ACACTTTGTCCTCATA 0.5 60
GGAAA GATGGC
Nr3cl ~ NM 0081733 AAAGAGCTAGGAAAA TCAGCTAACATCTCTG 0.5 61
GCCATTGTC GGAATTCA
Ppia NM 008907.1 GGCCGATGACGAGCC TGTCTTTGGAACTTTG 0.5 58
C TCTGC
Scarbl ~ NM 0167412 TCCTGAAGACACTATA GTGCGGACAGGTGTG 0.5 60
AGCCCC ACAT
SirtI  NM 0198123 TGGAGCAGGTTGCAG GGCACCGAGGAACTA 0.5 60
GAATC CCTGAT
Stardl ~ NM 0114855 TGTACCAAGCGCAGA GGCCGTGTTCAGCTCT 0.5 60
GGTTC GATG
Tnf NM 013693.2 CCATTCCTGAGTTCTG AGGTAGGAAGGCCTG 0.5 60
CAAAGG AGATCTTATC
Tsc22d3 NM_0102864 GCTGCTTGAGAAGAA GAACTTTTCCAGTTGC 0.5 60
(Gilz) CTCCCA TCGGG

Supplementary table S2: Antibody cocktails. All antibodies were used at a final
concentration of 5 pg/ml.

Extracellular staining cocktail

Peripheral blood / Liver

CD45-FITC

NK-1.1Brilliant Violet™ 510

Lymphoid tissues

CD45R/B220-FITC

NK-1.1Brilliant Violet™ 510

CDl11c-APC
CD11b-APC

-R700

CDl1l1c-APC

CD11b-APC-R700

I-A/I-EPerCP-Cy™S5.5

I-A/I-EPerCP-Cy™s5.5

Ly-6G-APC-H7

Ly-6C-Brilliant Violet™ 421

Ly-6G-APC-H7

Ly-6C-Brilliant Violet™ 421
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Abstract

Statins, the most prescribed class of drugs for the treatment of hypercholesterolemia,
can cause muscle-related adverse effects. It has been shown that the glucocorti-
coid-induced leucine zipper (GILZ) plays a key role in the anti-myogenic action
of dexamethasone. In the present study, we aimed to evaluate the role of GILZ in
statin-induced myopathy. Statins induced GILZ expression in C2C12 cells, primary
murine myoblasts/myotubes, primary human myoblasts, and in vivo in zebrafish
embryos and human quadriceps femoris muscle. Gilz induction was mediated by
FOXO3 activation and binding to the Gilz promoter, and could be reversed by the
addition of geranylgeranyl, but not farnesyl, pyrophosphate. Atorvastatin decreased
Akt phosphorylation and increased cleaved caspase-3 levels in myoblasts. This effect
was reversed in myoblasts from GILZ knockout mice. Similarly, myofibers isolated
from knockout animals were more resistant toward statin-induced cell death than
their wild-type counterparts. Statins also impaired myoblast differentiation, and this
effect was accompanied by GILZ induction. The in vivo relevance of our findings
was supported by the observation that gilz overexpression in zebrafish embryos led
to impaired embryonic muscle development. Taken together, our data point toward
GILZ as an essential mediator of the molecular mechanisms leading to statin-induced

muscle damage.

Abbreviations: CVD, cardiovascular disease; DM, differentiation medium; FDB, flexor digitorum brevis; FHRE, forkhead-responsive element; FPP,
farnesyl pyrophosphate; GGPP, geranylgeranyl pyrophosphate; GILZ, glucocorticoid-induced leucine zipper; HMG-CoA, 3-hydroxy-3-methylglutaryl
coenzyme A; hpf, hours post fertilization: MHC, myosin heavy chain; MRF, muscle regulatory factor; MTT, 3-(4,5-dimethylthiazol-2-y1)-2,5-
diphenyltetrazolium bromide; MVA, mevalonate; SAMS, statin-associated muscle symptoms.
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1 | INTRODUCTION

Statins are the first line of treatment in the management
of hyperlipidemia and the prevention of cardiovascular
disease (CVD)."? These drugs are inhibitors of the 3-hy-
droxy-3-methylglutaryl coenzyme A (HMG-CoA) reductase
enzyme, preventing the biosynthesis of cholesterol in the liver
by blocking the mevalonate pathway and, as a consequence,
enhancing clearance of circulating LDL-cholesterol.>* Since
their introduction in 1987, statin prescription rates have risen,
as shown by several studies in different populations,S'7 posi-
tioning them among the most prescribed drug classes world-
wide. Given the high prevalence of CVD and the favorable
data on CVD prevention by statins,? this tendency seems to
be maintained.

Statins have a satisfactory safety profile, their most
relevant adverse effect being skeletal muscle toxicity.'
Statin-associated muscle symptoms (SAMS) have an in-
cidence of 5%-29% in clinical practice,"IO can range from
mild myalgia to, in rare cases, fatal rhabdomyolysis,II
and are a frequent cause for nonadherence to treatment or
its discontinuation.'” Although several studies have been
conducted, and a number of risk factors that contribute
to the onset of SAMS have been described, such as sex,
pharmacokinetic differences, or genetic factors,">' the
molecular mechanisms leading to myopathy are still not
fully understood.

The glucocorticoid-induced leucine zipper (GILZ) was
first described as a dexamethasone-induced, immunomod-
ulatory protein.15 Since then, it has been shown that GILZ
basal expression is not restricted to immune cells but is
extended to several tissues, including skeletal muscle.'®
GILZ plays multiple roles in both glucocorticoid and non-
glucocorticoid-mediated cellular processesl7 beyond its
immune-modulating function. For instance, studies demon-
strated a role for GILZ in inhibition of adipocyte differ-
entiation,'® in sodium homeostasis in the kidney,'()'20 and
in spermatogenesis.”’ Of particular interest is the role de-
scribed for GILZ in the regulation of skeletal muscle dif-
ferentiation: GILZ is strongly induced by dexamethasone,
mediating its antimyogenic effects via inhibition of the
transcriptional activity of an early muscle regulatory factor
(MRF), MyoD.*?

In the present study, we aimed to test the hypothesis that
GILZ plays a role in the onset of SAMS, focusing on both
myotoxic and antimyogenic effects.

FASEB couni— =
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2 | MATERIALS AND METHODS

2.1 | Reagents

Cell culture reagents, atorvastatin, simvastatin lactone,
cerivastatin, and mevalonic acid lithium salt were obtained
from Sigma-Aldrich (St. Louis, MO, USA). The simvasta-
tin sodium salt, geranylgeranyl pyrophosphate (GGPP), and
farnesyl pyrophosphate (FPP) were obtained from Cayman
Chemicals (Ann Arbour, MI, USA). Statin stock solutions
were prepared in DMSO.

2.2 | Cellline

C2C12 cells were maintained in high-glucose DMEM sup-
plemented with 10% FBS, 100 U/mL penicillin, 100 pg/mL
streptomycin, and 2 mM glutamine. For inducing differen-
tiation, confluent cell layers were cultured in high-glucose
DMEM supplemented with 2% horse serum, penicillin/strep-
tomycin, and glutamine (differentiation medium, DM), with
medium change every other day. All cells were cultured at
37°C in a humidified atmosphere with 5% CO,. For experi-
ments, cells were seeded at a density of 2.5 X 10* cells/em?
(or 5 % 10* cells/cm? for differentiation).

23 | Mice

C57BL/6J mice were housed in a 12/12-hour light/dark cycle
with food and water ad libitum. GILZ knockout (KO) mice
were generated as previously described.”’ Animal care and
maintenance were in compliance with regulations in Italy
(DL 26/2014) and Europe (EU Directive 2010/63/EU).

2.4 | Flexor digitorum brevis (FDB)
muscle fibers

FDB fibers were isolated from wild-type (WT) or GILZ KO
mice following a protocol adapted from the literature.”>**
The FDB muscles were dissected under a stereomicroscope
and digested in a 0.2% collagenase A solution in DMEM for
60 minutes. Then, the myofibers were carefully separated
under a stereo dissecting microscope, dispersed in DMEM
containing 10% horse serum by drawing through a series of
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pipette tips with gradually decreasing diameter and purified
by sedimentation steps. Pure fibers were plated in laminin-
coated cell culture dishes and cultured in DMEM supple-
mented with 20% serum replacement 2, 1% horse serum,
penicillin/streptomycin, and glutamine.

2.5 | Primary human myoblasts

Primary human myoblasts (#CC-2580) were obtained from
Lonza (Basel, Switzerland) and grown in Skeletal Muscle
Growth Medium-2 (SkKGM-2 basal medium, Lonza) with
supplements (Lonza, #CC-3244 containing human epider-
mal growth factor, dexamethasone, L-glutamine, FCS, and
gentamicin/amphotericin-B) according to the manufacturer’s
instructions. For experiments, cells were seeded at a density
of 1-1.5 x 10* cells/well in SKGM-2 with all supplements
except for dexamethasone.

2.6 | Primary murine myoblasts

Primary myoblasts were isolated from hind limbs of male
3-day-old WT or GILZ KO mice. The hind limbs were
dissected and shredded with scissors, washed in PBS, and
digested with trypsin/EDTA for 60 minutes. After filter-
ing through a 70-um cell strainer, the cell suspension was
diluted in DMEM supplemented with 10% FBS and centri-
fuged for 20 minutes at 200xg and 4°C. The resuspended
cells were preplated for 1 hour to allow fibroblast adhesion.
Nonadherent cells were collected, centrifuged for 10 min-
utes at 200xg and 4°C, resuspended in F-10-based primary
myoblast growth medium (Ham’s F-10 nutrient mixture sup-
plemented with 20% FBS, penicillin/streptomycin, and glu-
tamine), and plated onto collagen I-coated cell culture dishes
(Sigma-Aldrich, St. Louis, MO, USA). Further enrichment
of the myoblasts was achieved by dislodging and preplating
the cells onto collagen-coated dishes every fourth day for
1-2 weeks. Afterward, myoblasts were cultured in growth
medium (40% DMEM, 40% Ham’s F-10 nutrient mixture,
20% FBS), supplemented with penicillin/streptomycin and
glutamine.

2.7 | Cytotoxicity measurement

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium
bromide (MTT) reduction assay, cells were seeded in 96-well
plates at a density of 10* cells/well, allowed to adhere over-
night, and treated with test compounds at the indicated concen-
trations. Cells incubated without any treatment were used as
growth controls, cells incubated with solvent at the maximum
concentration present in the assay (0.25%) served as negative

controls, and wells with treatment but without cells were used
as blank. At the end of treatment, cells were incubated for 3
hours with MTT solution (0.5 mg/mL in medium) and lysed
with DMSO. The absorbance was measured at 550 nm in a
microplate reader (XFluor4 SunriseTM, TECAN, Minnedorf,
Switzerland), using a reference wavelength of 690 nm.

For the crystal violet assays, cells were seeded at a density
of 10* cells/well into a 96-well plate. After overnight incuba-
tion, cells were treated with statins or vehicle control at the
indicated concentrations. The cells were washed with PBS
and incubated for 20 minutes with 50 pL/well of freshly pre-
pared 0.5% crystal violet solution in water. After washing, the
plate was air-dried for 24 hours. Cells were lysed in methanol
by incubation for 20 minutes at room temperature. The op-
tical density was measured at 570 nm. The background was
determined by lysing cells with 50% DMSO before the stain-
ing procedure, and background-subtracted values were used
to calculate the cell viability.

For evaluating the cell viability in FDBs, the number of
living and nonliving myofibers was determined using the try-
pan blue exclusion method.

2.8 | RNA isolation, reverse
transcription, and quantitative PCR (RT-
qPCR)

Total RNA from cultured cells was isolated using the High
Pure RNA Isolation Kit (Roche, Basel, Switzerland). RNA
samples with an A260/A280 ratio higher than 1.8 were used
for further analysis. Reverse transcription was done using the
High-Capacity cDNA Reverse Transcription Kit (Thermo
Fisher Scientific, Waltham, MA, USA) in the presence of
RNase inhibitor (Thermo Fisher Scientific, Waltham, MA,
USA). qPCR was performed on ¢cDNA samples using the
SxHotFirePol EvaGreen qPCR Mix (Solis BioDyne, Tartu,
Estonia) and the primer sequences detailed in Table 1. A
CFX96 touch Real-Time PCR detection system, and the
CFX Manager 2.1 software (Bio-Rad, Hercules, CA, USA)
were used for qPCR analysis. Data were analyzed as previ-
ously described.” Housekeeping genes were chosen based
on the literature, or after evaluating the expression stability of
at least three candidate genes under the experimental condi-
tions, using the geNorm, NormFinder, and BestKeeper soft-
ware tools.”®

2.9 | Western blot

Cells were harvested either with RIPA buffer (50 mM
Tris-HCI, 1% Triton X-100, 0.1% SDS, 0.5% sodium de-
oxycholate, 150 mM NacCl) supplemented with a protease/
phosphatase inhibitor mix (P8340, P0044, Sigma-Aldrich,
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TABLE 1 Primer sequences for qPCR analyses
Gene Accession number Forward primer sequence 5°-3° Reverse primer sequence 5°-3°
Mouse
Csnk2a2 NM_009974.3 GTAAAGGACCCTGTGTCAAAGA GTCAGGATCTGGTAGAGTTGCT
Ppia NM_008907.1 GCGTCTCCTTCGAGCTGTTT CACCCTGGCACATGAATCCT
Hmgcr NM_008255.2 ATCCAGGAGCGAACCAAGAGAG CAGAAGCCCCAAGCACAAAC
Tsc22d3 NM_010286.4 GCTGCTTGAGAAGAACTCCCA GAACTTTTCCAGTTGCTCGGG
Human
RNA18S5 NR_003278.3 AGGTCTGTGATGCCCTTAGA GAATGGGGTTCAACGGGTTA
TSC22D3 NM_004089.3 CATGTGGTTTCCGTTAAGCTGG AGGATCTCCACCTCCTCTCTC
Zebrafish
actb2 NM_181601.4 AAATTGCCGCACTGGTT ACGATGGATGGGAAGACA
tsc22d3 NM_200569.2 AACAACCAGCTGGAGCGCGAA GCAGAGCCCGTGCTGCTGTATT

St. Louis, MO, USA) or with SB lysis buffer (50 mM
Tris-HCI, 1% SDS, 10% glycerol, 5% p-mercaptoethanol,
0.004% bromophenol blue, in water) supplemented with a
protease inhibitor cocktail (cOmplete Mini, Roche, Basel,
Switzerland). Western blots were performed as described
previously, and signals were either detected by an HRP-
based method®” or with the LI-COR Odyssey imaging
system (LI-COR Biosciences, Lincoln, NE, USA) 44
Incubation with primary antibody dilutions was performed
at 4°C overnight, and with secondary antibody dilutions at
room temperature for 1-1.5 hours. The antibodies and dilu-
tions used are listed in Table 2.

2.10 | Jenner-Giemsa staining

To measure the myogenic differentiation of C2C12 myotubes
Jenner-Giemsa staining was performed following a previ-
ously published protocol.30 In brief, cells were fixed in ice-
cold methanol for 5 minutes, air-dried, and stored at 4°C until
analysis. For staining, wells were incubated with Jenner’s
stain solution (diluted 1:3 in 1 mM sodium phosphate buffer
pH 5.6) for 5 minutes at room temperature, washed with dis-
tilled water, and subsequently incubated with Giemsa solu-
tion (diluted 1:20 in the same buffer) for 10 minutes at room
temperature. Wells were observed with a phase-contrast mi-
croscope equipped with a digital camera (ZEISS Axiovert 40
CFL with Canon EOS 400D, Oberkochen, Germany). Each
well was photographed in 3-4 randomly selected regions.
Images were analyzed using the free image-processing soft-
ware Fiji (Fiji is just ImageJ) Al

2.11 | Immunofluorescence

Myosin heavy chain (MHC) immunofluorescence (IF)
was performed on C2C12 myotubes and whole zebrafish

embryos. Cells were cultured and differentiated on glass
coverslips that were previously treated for 10 minutes in
a 1:1 mixture of 70% ethanol and 0.1 N HCL.** Cells were
treated as indicated and prefixed by adding paraformalde-
hyde solution (4% in PBS) directly to the culture medium.
After 2 minutes, the prefixation culture medium was re-
placed with a paraformaldehyde solution (4% in PBS), and
cells were fixed for 15 minutes at room temperature. Cells
were washed with PBS and permeabilized with a 0.2%
Triton X-100 solution in PBS for 10 minutes at room tem-
perature, washed, blocked in a 5% BSA solution in PBS for
I hour at room temperature, and incubated with primary
antibody (MF20, deposited by Donald A. Fischman in the
Developmental Studies Hybridoma Bank, The University
of Towa, Department of Biology, lowa City, IA, USA) di-
luted 1:50 in dilution buffer (1% BSA in PBS) at 4°C over-
night. After washing, cells were incubated with secondary
antibody diluted 1:800 in dilution buffer for 1 hour at room
temperature. Cells were washed and counterstained with
DAPI for 15 minutes at room temperature, mounted with
FluorSave (Merck, Darmstadt, Germany), and observed
with an Axio Observer Z1 epifluorescence microscope,
equipped with an AxioCam Mr3 and AxioVision software
(Zeiss, Oberkochen, Germany). Photographs from randomly
selected regions were analyzed using the Fiji software.

Zebrafish embryos were fixed in paraformaldehyde solu-
tion at 4°C overnight, and then stored in methanol at —20°C
for at least 4 hours. Embryos were permeabilized in acetone
for 30 minutes at —20°C, washed, blocked in a 1% BSA solu-
tion in PBST for 2 hours at room temperature, and incubated
with primary antibody (mouse anti-myosin F59, DSHB, Iowa
City, IA) diluted 1:100 in blocking buffer at 4°C overnight.
After washing in PBST, the embryos were incubated with
secondary antibody (goat anti-mouse IgG (H+L), Alexa
Fluor 597, Thermo Fisher Scientific, Waltham, MA, USA)
1:200 at room temperature for 4 hours, washed again, and
observed on a Leica SP8 confocal microscope.
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TABLE 2  Antibodies for Western blot analyses

Antibody

Rat anti GILZ [CFMKG15] mAb (Thermo Fisher Scientific, Waltham, MA, USA)

Mouse anti GADPH [OTI2D9] (OriGene, Rockville, MA, USA)

Mouse anti Akt (pan) [40D4] mAb (New England Biolabs, Ipswich, MA, USA)
Rabbit anti phospho-Akt (Ser473) [D9E] XP® mAb (New England Biolabs,

Ipswich, MA, USA)

Polyclonal rabbit anti phospho-FOXO3a (Ser253) (New England Biolabs,

Ipswich, MA, USA)

Mouse anti FOXO3a [D12] mAb (Santa Cruz Biotechnology, Dallas, TX, USA)

Mouse anti myogenin [SFD| mAb (Santa Cruz Biotechnology, Dallas, TX, USA)
Polyclonal rabbit anti cleaved Caspase-3 (Cell Signaling Technology, Beverly,

MA, USA)

Goat anti-rat IgG (H+L), HRP (Thermo Fisher Scientific, Waltham, MA, USA)
Goat anti-mouse IgG (H+L), HRP (Thermo Fisher Scientific, Waltham, MA,

USA)

Goat anti-rabbit IgG, HRP (Thermo Fisher Scientific, Waltham, MA, USA)
Mouse anti-a-Tubulin [DM1A] (Sigma-Aldrich, St. Louis, MO, USA)
IRDye 800CW Goat anti-Rat IgG (LI-COR Biosciences, Lincoln, NE, USA)

2.12 | Zebrafish treatment

Zebrafish embryos from the AB wild-type strain were used.
The developmental stage was determined by embryo mor-
phology in hours post fertilization (hpf).** To examine gene
expression after statin treatment, embryos at 19-22 hpf were
sorted, placed at a density of 2-3 embryos/cm2 in 6-well
plates, and incubated at 28°C in 0.3 X Danieau’s solution (17
mM NaCl, 2 mM KCI, 1.5 mM HEPES, 1.8 mM Ca(NO;),,
0.12 mM MgSO,) containing 1 uM statin or solvent control.
12 hours after treatment, 10-20 embryos were pooled, flash-
frozen in liquid nitrogen, and stored at —80°C for RNA iso-
lation and qPCR analysis. To analyze muscle development
and movement of the embryos, gilz was overexpressed in ze-
brafish embryos by injecting 1200 pg RNA into 1-2 cell stage
embryos.** RNA was generated using the pCS2+ construct.
Statin treatment was performed by injection of 1-ng statin
(equal to 1/2 of the daily human dose related to body weight)
into the embryos in the 1-2 cell stage.

The morpholino antisense oligonucleotides (MO)
were purchased from Gene Tools (Philomath, OR, USA).
To knockdown foxo3b, a splicing MO (foxo3b MO
5"“TGGAGATGCACTGCGCTTACCTTCC-3") targeting
exon 2 and intron 2 was used as previously described.” The
Gene Tools random control oligo was used for comparison.
MOs were dissolved in sterile water, and 1 nL containing
16 ng MO were injected into 1-2 cell stage embryos. The

Dilution

For detection with HRP-labeled secondary antibodies:
1:1000 in 5% milk powder—TBST

For detection with IR-labeled secondary antibodies:
1:1000 in Rockland blocking buffer

(Rockland, Limerick, PA, USA)

1:2000 in 5% milk powder—TBST

1:2000 in 5% milk powder—TBST

1:2000 in 5% milk powder—TBST

1:2000 in 5% milk powder—TBST

1:1000 in gelatine buffer (0.75% gelatine A , 0.1% Tween-
20, 20 mM Tris, 137 mM NaCl, pH 7.5)

1:200 in 5% milk powder—TBST

1:1000 in 5% milk powder—TBST

1:5000 in 5% milk powder—TBST
1:5000 in 5% milk powder—TBST

1:10 000 in 5% milk powder—TBST
1:1000 in Rockland blocking buffer
1:10 000 in Rockland blocking buffer

knockdown was validated by detection of truncated PCR
products in foxo3b morphants as described.*® The used prim-
ers were: foxo3b forward GTGAGTTACTGCTGGTGATGC
(exon 1) and foxo3b reverse CACCACGAGCTCTTTCCAGT
(exon 3).

2.13 | Insitu hybridization

Whole-mount in situ hybridization was used to analyze
MyoD expression changes in zebrafish embryos. Embryos
at 16 hpf were collected and fixed in 4% PFA solution at
4°C overnight. In situ hybridization was performed as pre-
viously described.”” In brief, dechorionated embryos were
treated with 5 pg/uL proteinase K in PBST for 5 minutes,
washed and incubated for 1 hour in hybridization buffer (50%
formamide, 5x SSC, 0.1% Tween 20, 1 mg/mL yeast torula
RNA, 50 pg/mL heparin) at 65°C. Subsequently, an antisense
digoxigenin-labeled RNA probe was added, and the samples
were incubated overnight. On the next day, embryos were
washed, blocked for 1 hour (5% goat serum in PBST) and
incubated with anti-DIG antibody (#11093274910, 1:5000,
Roche, Basel, Switzerland) at 4°C overnight. Embryos were
washed in AP buffer (100 mM Tris-HCI, 50 mM MgCl,,
100 mM NaCl, 0.1% Tween20), and incubated with stain-
ing buffer (0.5% nitroblue tetrazolium, 0.375% S-bromo-4-
chloro-3-indolyl phosphate in AP buffer) in the dark for 30
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minutes. Once the pattern appeared, embryos were washed,
and 4% PFA was added for at least 20 minutes before em-
bryos were analyzed under the microscope. Scoring was
performed according to the following criteria: regular phe-
notype—parallel somites of same length, V-shaped, homog-
enous MyoD expression; mild phenotype—irregular somite
formation, different lengths, line shaped, somites show less
homogenous MyoD expression; severe phenotype: no clear
somite formation, different lengths, line shaped, reduced and
diffuse MyoD expression.

2.14 |
(ChIP)

Chromatin immunoprecipitation

The ChIP assay was performed using the EZ-ChIP Kit
(Merck, Darmstadt, Germany) according to the manufactur-
er’s instructions. Precleared lysates from 1 X 10° myoblasts
in a volume of 100 pLL were incubated overnight at 4°C with
10 pg monoclonal anti-FOXO3 antibody (D12, Santa Cruz
Biotechnology, Dallas, TX, USA) or 10 pg normal mouse
IgG (Merck, Darmstadt, Germany). Immunocomplexes were
purified, and qPCR analysis was performed using the SYBR
Select Master Mix (Thermo Fisher Scientific, Waltham, MA,
USA) and the Applied Biosystems 7300 qPCR system (Foster
City, CA, USA). Primer sequences are given in Table 3.

2.15 | Luciferase gene reporter assay

Reporter gene assays were performed as previously de-
scribed.”® The proximal Gilz promoter (a fragment located
between —1938 bp upstream and +206 bp downstream of the
transcription start site) was cloned into the pGL3 luciferase
reporter vector (Promega, Madison, WI, USA) using Kpnl
and Smal according to the manufacturer’s instructions. The
FOXO3 reporter vector (FHRE-Luc) was a gift from Michael
Greenberg (Addgene plasmid #1789).%° The phRG-TK vector
(Promega, Madison, WI, USA) provided constitutive expres-
sion of Renilla luciferase and served as an internal control
value, to which expression of the firefly luciferase reporter
gene was normalized. C2C12 cells were seeded at a density
of 10* cells/well into 96-well plates, co-transfected in a 1:1

TABLE 3  Primer sequences for ChIP experiments

Forward primer sequence 5°-3°

FHRE1

FHRE2

FHRE3

FHRE#4 (IRE, insulin-responsive element)
non-FHRE

TGGCCCAGTTAAACCACATCC
TAACCGTGTAAACAGGAGCCAG
AGCATGGGCAGAAAAAGGAATAAG
AGAGCTTTCTTGGTCTGAGAGAAT
GTATTCGGCCTTCTCCTTGC

FASEB cousi— =

ratio with the luciferase vector using the Lipofectamine 3000
reagent (Thermo Fisher Scientific, Waltham, MA, USA) for
4 hours, treated as indicated, and harvested by the addition
of Ix passive lysis buffer (Promega, Madison, WI, USA).
Luciferase activity was determined by the addition of fire-
fly luciferase substrate (470 uM D-luciferin, 530 uM ATP,
270 uM coenzyme A, 33 uM DTT, 20 uM Tricine, 2.67 uM
MgSO,, 1.07 uM MgCOs;, and 0.1 uM EDTA, pH 7.8) or
renilla substrate solution (0.1 M NaCl, 25 mM Tris HCI pH
7.5, 1 mM CaCl,, and 0.9 uM coelenterazine) followed by
luminescence measurement using the Glomax Discover mul-
tiplate reader (Promega, Madison, WI, USA).

2.16 | Lentivirus preparation

Plasmids encoding lentiviral products were obtained from
Addgene (Watertown, MA, USA). The packaging plasmid
psPAX2 and the envelope plasmid pMD2.G were a gift from
Didier Trono (Addgene plasmids #12260 and #12259). The
pLKO.1-TRC cloning vector was a gift from David Root
(Addgene plasmid #10878).7 pLKO.1-scrambled shRNA
was a gift from David Sabatini (Addgene plasmid #1 864).%

Two different sequences of short hairpin (sh) RNA target-
ing murine GILZ were used: shGILZ1 (5'-GGAGTACTGA
CTGGTCTCTTA-3"), and shGILZ2 (5'-ACAGCTTCACCT
GACAATG-3"). shGILZ sequences were cloned into the
pLKO.I-TRC cloning vector. In brief, the cloning vector was
double digested with Agel-HF and EcoRI-HF and purified
from an agarose gel. The annealed oligos were then ligated
into the vector using T4 DNA ligase overnight at room tem-
perature. The ligation mix was transformed into GT116 E.
coli (Invivogen, Toulouse, France), and ampicillin-resistant
clones were screened for inserts by sequencing using the
pLKO.1 sequencing primer.

Lentiviral particles were produced following Addgene’s
protocol. Briefly, 5 x 10° HEK-293T cells were plated into
6-cm cell culture dishes in medium without antibiotics and
transfected at 50%-80% confluency with the transfer, pack-
aging and envelope plasmids (1000:750:250) using the
FuGENE 6 Transfection Reagent (Promega, Madison, WI,
USA). Twelve to 15 hours after transfection, the medium was
replaced with DMEM. The lentivirus-containing media were

Reverse primer sequence 5°-3°
GCTGAACTGTTTACAGTCCCTGA
GGAACTCCTGGGGAAATCCTA
CTGGTTTGGTTGGTGTAAACAGT
AATTTTGAGGTGAGTAGCAGTAGT
CTGCTGCGTGGTGAAAAACA



Results: The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-Induced Muscle Damage

HOPPSTADTER T AL.

“ | EASEB om

then harvested at 24 and 48 hours, pooled, centrifuged at
200xg for 5 minutes, aliquoted, and stored at —20°C.

To determine the lentiviral titer, viral genomic RNA was
purified from 200 uL of freshly harvested lentivirus stock using
the High Pure Viral RNA Kit (Roche, Basel, Switzerland).
After digestion of residual DNA, 10-fold serial dilutions of
the purified viral RNA were reverse transcribed and ampli-
fied via qPCR, using primers for the 5'LTR region (forward
5-AGCTTGCCTTGAGTGCTTCA-3", reverse 5'-TGA
CTAAAAGGGTCTGAGGGA-3'), and the 5’ end of the gag
gene (forward 5'-GGAGCTAGAACGATTCGCAGTTA-3',
reverse 5'-TGTAGCTGTCCCAGTATTTGTC-3’). The copy
number (viral particles, VP) contained in the supernatant
was calculated from comparison against a plasmid standard
curve, and the titer calculated as viral particles per ml of su-
pernatant (VP/mL). Biological titration of the vectors was
performed via limiting dilution, and for each lentivirus, the
ratio from biological to nonbiological titer was established
and used for estimation of the functional titer (TU/mL) for
all further preparations that were only titrated via the gRNA
method. This titer was then used to determine the volume of
viral supernatant needed for infecting cells at a given multi-
plicity of infection (MOI).

2.17 | Generation of C2C12°"6™MZ gtable

cell lines

Stable, polyclonal C2C12 cell lines were generated by re-
verse transducing 7.5 X 10* cells in 6-well plates with scram-
bled shRNA, shGILZI, or shGILZ2 lentiviral particles at
an MOI of 10 in the presence of polybrene, following the
protocol for the generation of stable cell lines available from
Addgene (Watertown, MA, USA). Twenty-four hours after
transduction, the medium was changed, and 48 hours after
infection puromycin (2 pg/mL) was added to select for trans-
duced cells. The puromycin-resistant cells were expanded
for 2-3 weeks, after which they were harvested for analysis
of gene and protein expression. Further culture and experi-
ments were done in 1 pg/mL puromycin-containing medium.
A nontransduced control was run in parallel to confirm that
no viable cells were present after selection.

2.18 | Muscle biopsies and sample
preparation

Two percutaneous muscle biopsies from the musculus vastus
lateralis were obtained from a hypercholesteremic volunteer
to determine GILZ baseline expression levels. After the onset
of simvastatin treatment (40 mg/d), biopsies were obtained
after 1-3 months. Semi-automatic needle biopsies were alter-
nately performed on the right and left legs of the participant

using the Bard Magnum device with a 12-G disposable needle
(C.R. Bard Gm bH, Karlsruhe, Germany). Local anesthesia
of the skin and subcutaneous tissue was performed accord-
ing to standard procedures using Lidocaine as an anesthetic.
Muscle samples were immediately frozen in liquid nitrogen
and stored at —80°C. Skeletal muscle biopsy samples were
mechanically homogenized using a Precellys homogenizer
(Bertin Corp., Rockville, MD, USA). RNA was isolated using
the miRNeasy Micro Kit according to the manufacturer’s in-
structions (Qiagen, Venlo, Netherlands). Reverse transcrip-
tion and quantitative PCR was performed as described above.

2.19 | Statistics

Results are expressed as means of at least three independent
experiments performed in replicates + SEM (standard error
of the mean). Statistically significant differences between
means were determined using the GraphPad Prism 6.0 or
Origin 2018b software. An unpaired ¢ test was performed for
the comparison of two groups, and the comparison of three or
more groups was carried out by one or two-way analysis of
variance (ANOVA) followed by Bonferroni’s post hoc analy-
sis for individual differences. For MTT results F values and
degrees of freedom were indicated. A comparison between
medians was performed with Kruskal-Wallis test followed by
Dunn’s post hoc analysis. For categorical data, the chi-squared
test was used. Results were considered significant at P < .05.

3 | RESULTS
3.1 | GILZ expression in human muscle
biopsies

To investigate the potential effect of statin treatment on G/LZ
expression, we analyzed different publicly available gene ex-
pression profiling data sets. Gene Expression Omnibus (GEO)
data sets GDS2987, GSE32547, and GSE4883 suggested
that statins were able to induce G/LZ in human endothelial
cells, human pulmonary artery smooth muscle cells, human
umbilical vein endothelial cells, and human peripheral blood
monocytes (Supplemental Figure 1). Interestingly, statins also
induced G/LZ in a clinical setting: The analysis of a transcrip-
tional profile of human quadriceps femoris muscle following
statin treatment suggested a moderate increase in GILZ ex-
pression in biopsies from 12 patients receiving atorvastatin
and simvastatin for 8 weeks, compared with those receiving
placebo (ArrayExpress dataset E-TABM-116, Figure 152
These results were in accordance with increased G/ILZ mRNA
levels observed in muscle biopsies from a hypercholester-
olemic volunteer after simvastatin treatment (Supplemental
Figure 2).
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FIGURE 1 Analysis of the publicly available ArrayExpress

dataset E-TABM-116: transcription profiling of human quadriceps
femoris muscle following simvastatin (80 mg/d) and atorvastatin

(40 mg/d) treatment. A, GILZ signal intensities (NCBI RefSeq
NM_004089.3; scan REFs GI_37622900-A, GI_37622900-I) are
shown. Connected data points represent patients before and after
intervention for 8 weeks. B, GILZ expression after intervention is
presented as x-fold of individual baseline levels. Boxplots show the
25-75th percentiles, mean (square), median (line) and SD (whiskers).
Placebo group: n = 6, statin group: n = 12. *P < .05

3.2 | Toxic concentrations of statin induce
GILZ expression in muscle cells

To evaluate whether statins were able to induce GILZ in skel-
etal muscle cells, we treated C2C12 myoblasts and myotubes
with 50 pM atorvastatin, simvastatin, or cerivastatin. These
relatively high statin concentrations are in accordance with
the literature***** and were also chosen based on our ob-
servation that C2C12 myoblasts in cell culture express a 50-
fold higher Hmgcr baseline level compared to muscle in vivo
(Supplemental Figure 3). Statins were toxic after 24 hours—but
not after 6 hours—at this concentration, as determined by MTT
and crystal violet assay (Supplemental Figure 4). We detected
an increase in Gilz mRNA expression in C2C12 myoblasts and
primary human myoblasts after 6 hours of treatment with all
statins, which was reversed by the addition of mevalonate (100
UM) to the medium, indicating that the mechanism of GILZ in-
duction relates to the inhibition of HMG-CoA reductase (Figure
2A). In C2C12 myotubes, the increase in Gilz expression was

less pronounced (Figure 2A). Western blot analysis showed an
elevated expression of GILZ protein in C2C12 myoblasts as
well as in primary murine and human myoblasts treated with
toxic concentrations of statins (Figure 2B-D).

3.3 | GILZ induction can be reversed by
geranylgeranyl pyrophosphate

The inhibition of HMG-CoA by statins does not only im-
pair cholesterol biosynthesis, but also other biosynthetic
pathways. Of main importance is the inhibition of protein
prenylation resulting from the decreased synthesis of the
isoprenoid derivatives GGPP and FPP. Thus, we evaluated
whether GILZ induction could be reversed by the addition of
any, or both, of these mediators to the medium. Co-treatment
of C2C12 myoblasts with 10 uM GGPP in addition to simv-
astatin completely reversed Gilz induction, while FPP had no
effect (Figure 2E). GGPP treatment alone did not affect Gilz
expression (data not shown).

3.4 | Statin-induced impairment of
myogenesis is accompanied by GILZ induction

Myogenesis is a multistep, tightly regulated process that
leads to the formation of skeletal muscle, both during embry-
onic development as well as in adult life, to maintain mus-
cle homeostasis and repair after injury.44 Statins are not only
toxic toward skeletal muscle fibers but might also impair the
muscle regeneration process.“'47 To examine these effects,
we induced the differentiation of C2C12 myoblasts in the
absence or presence of statins and evaluated myotube for-
mation by Jenner-Giemsa staining and myosin heavy chain
immunofluorescence. We observed that treatment of C2C12
cells with subtoxic concentrations of statins during differen-
tiation resulted in less myotube formation and a significantly
reduced fusion index after 6 days, where fully differentiated
myotubes were visible in the control (Figure 3A-C). We ana-
lyzed GILZ expression levels in differentiating C2C12 and
primary murine myotubes treated with statins and found that
the impairment in myogenesis was accompanied by GILZ
induction on both mRNA and protein level (Figure 3D,E).
Since GILZ has been shown to mediate the antimyogenic ef-
fects of dexamethasone,” we hypothesized that it might also
be involved in the effects observed after statin treatment.

3.5 | GILZ knockout abolishes the cytotoxic
effects of statins

To assess whether loss of GILZ could rescue statin-induced
cytotoxicity, we isolated primary myoblasts from wildtype
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FIGURE 2 Effect of statin treatment at toxic concentrations on GILZ expression in muscle cells. A, C2C12 myoblasts, C2C12 72-h

myotubes, or primary human skeletal muscle myoblasts were treated with 50 pM statin (Ator, atorvastatin; Sim, simvastatin; Ceri, cerivastatin)
in the absence or presence of mevalonate (MVA, 100 uM) for 6 hours, and mRNA levels were determined by qPCR. Gilz expression in C2C12
samples was normalized to the housekeeping gene Csnk2a2, and GILZ expression in human samples was normalized to RN/8S5. Data are presented

as fold change of control. B-D, GILZ protein expression was determined in vehicle- or atorvastatin-treated C2C12 myoblasts (B), primary murine

myoblasts (C), and primary human skeletal muscle myoblasts (D) by western blot. Representative blots and densitometric analyses are shown. For
densitometric analysis, GILZ signal intensities were normalized to the housekeeping protein GAPDH (B, C) or tubulin (D). E, C2C12 myoblasts
were treated with 50 uM simvastatin in the absence or presence of GGPP and FPP (10 uM) for 6 hours, and Gilz mRNA levels were measured.
mRNA expression was normalized to the housekeeping gene (Csnk2a2) and is presented as fold change of control. Data show the mean of 2 (A,
C2C12 data) or 3 (A, human myoblast data and B-E) independent experiments performed in replicates + SEM. ¥¥P < 01, ***P < 001 relative to
the corresponding control, ++P < .01, +++P < .001 relative to other treatments as indicated

(WT) and GILZ knockout (KO) mice, treated them with in-
creasing doses of statins, and measured cell viability after
24 hours. Comparison of the dose-response curves obtained
showed significant differences between genotypes: GILZ
KO myoblasts were significantly less sensitive toward atorv-
astatin, simvastatin, and cerivastatin treatment than their WT
counterparts (Figure 4A).

Due to the importance of the PI3K/Akt signaling path-
way in statin-induced myotoxicity,“”2 we hypothesized that
the resistance to cell death from GILZ KO myoblasts might
be related to modulation of the Akt phosphorylation status.

Indeed, atorvastatin treatment induced dephosphorylation
of Akt and activated the apoptotic pathway, as observed by
cleaved caspase-3 detection, in WT myoblasts. On the other
hand, Akt phosphorylation levels were restored to that of the
control in statin-treated GILZ KO cells, and the active form
of caspase-3 was undetectable (Figure 4B,C).

As an ex vivo model for the evaluation of statin myotoxicity,
we used flexor digitorum brevis myofibers isolated from WT
and KO animals. These short fibers can be isolated, dissociated,
and cultured, representing a more mature system for evaluation
of statin effects than cell culture systems, since myoblasts in
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FIGURE 3

Effect of statins on GILZ expression during C2C12 differentiation. A-B, C2C12 were induced to differentiate for 6 days in the

absence or presence of nontoxic concentrations of atorvastatin (5 uM), simvastatin (1 uM), and cerivastatin (0.1 uM), and subjected to MHC IF.

Co: vehicle-treated cells. A, Representative images are shown. Blue: DAPI, green: MHC, scale bar: 50 um. B, The degree of differentiation was

quantified by measuring the fusion index in IF images. C, Myotube density in Jenner-Giemsa stained cells. D, Gilz expression was measured in

nondifferentiated cells or cells differentiated for the indicated time points and normalized against the housekeeping gene (Csnk2a2). Data are

presented as fold change of the corresponding vehicle-treated control (Co). E, GILZ protein levels measured in 72 h-C2C12 myotubes and primary

murine myotubes treated with atorvastatin (5 uM) during the course of myogenesis. Representative blots are shown. Data represent the means
of three independent experiments performed in replicates + SEM. *P < .05, **P < .01, ***P < 001 relative to the control

vitro can differentiate to myotubes but are unable to form fully
differentiated myocytes and, therefore, do not exactly resem-
ble the features of mature muscle.*®* Treatment of FDB fibers
from WT mice with atorvastatin, simvastatin, and cerivastatin
started to induce vacuolation at 72 hours. After 5 days, the fibers
were swollen, ruptured, and blebs appeared (Figure SA and data
not shown). Viability analysis using the trypan blue exclusion
method after 5 days indicated that statins induced fiber death in
a dose-dependent manner. Loss of GILZ prevented the morpho-
logical changes indicative of myotoxicity and made the fibers
resistant toward statins: in KO fibers, there were no significant

differences in viability between the control and treatments at
any of the concentrations evaluated (Figure 5A,B).

3.6 | GILZ contributes to statin-induced
inhibition of myogenesis

To investigate the contribution of GILZ to statin-induced inhi-
bition of myogenesis, we differentiated WT and GILZ KO my-
oblasts in the presence of statins and evaluated the expression
of the MRF myogenin, which is required in cells committed
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FIGURE 4 Effect of GILZ knockout on statin-induced myotoxicity. A, WT and GILZ KO primary murine myoblasts were treated with
atorvastatin, simvastatin, or cerivastatin in increasing concentrations for 24 hours. Cell viability was measured via MTT assay and differences
between curves were analyzed by two-way ANOVA [cell type main effect (1,124) = 10.06, P = .002; F(1,124) = 26.24, P < .0001;

and F(1.116) = 24.18, P < .0001, respectively, for each statin]. B, Myoblasts were treated with atorvastatin (50 uM) for 6 hours, and Akt
phosphorylation and caspase-3 activation were measured by western blot. One representative blot is shown. C, The ratio of phosphorylated to

total Akt was measured by densitometric analysis and normalized to the corresponding control. Data show the mean of at least three independent
experiments performed in replicates + SEM. *P < .05, **P < .01, ***P < 001 relative to the control

to the myogenic program for driving their fusion and terminal
differentiation.** We observed a decrease in myogenin protein
levels in WT primary murine myoblasts induced to differenti-
ate for 72 hours in the presence of atorvastatin. By contrast, the
expression of myogenin in atorvastatin-treated GILZ KO cells
was restored to that of the control (Figure 6A).

To further analyze the role of GILZ in these effects,
we generated C2C12 cell lines stably expressing scram-
bled or Gilz shARNA constructs by lentiviral transduction.
The C2C12°M91! and C2C12°"9"%2 cell lines showed a gene
knockdown, whereas in the scrambled control cell line,
C2C12*, Gilz expression was unaffected (Supplemental
Figure 5A). Furthermore, statin-induced GILZ overex-
pression was inhibited in Gilz shRNA-expressing cells
(Supplemental Figure 5B,C). We hypothesized that, as a re-
sult of restored myogenin expression, Gilz silencing should
reinstate the ability of myoblasts to differentiate in the pres-
ence of statins. Noticeably, Q20T ond €201 20002
cells displayed terminally differentiated myotubes already
after 4 days in DM, whereas C2C12*" cells were not fully
differentiated yet (Figure 6B, left panels). GILZ knock-
down, however, could only partially reverse the impairment
in differentiation caused by statins: although Jenner-Giemsa
staining showed myotube formation in the C2C12°"“" Jines

(Supplemental Figure 6), these myosin-expressing cells were
not differentiated to the same extent as the respective con-
trols. Nevertheless, fusion index analysis showed improve-
ment in myotube formation from C2C12*"9" cells compared
to the C2C12*" line (Figure 6C).

3.7 | FOXO3 mediates GILZ induction by
statins in muscle

In the search for potential upstream regulators of GILZ ex-
pression after statin treatment in muscle, we focused on the
Forkhead Box O3 (FOXO3) protein. FOXO3 is a direct phos-
phorylation target of Akt, and our observations in skeletal
muscle tissue from FOXO3 KO mice, where Gilz expression
levels were significantly lower than in WT animals, hinted to-
ward FOXO3 as a transcriptional regulator of GILZ in this tis-
sue (Figure 7A). Reporter gene assay showed that statins were
able to induce FOXO3 transcriptional activity (Supplemental
Figure 7) and, in fact, led to increased Gilz promoter-driven
luciferase activity in C2C12 compared to the baseline. This
indicates that statins elevate GILZ levels by activating its
transcription (Figure 7B). Like in primary myoblasts, we
observed that treatment of C2C12 myoblasts with statins led
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FIGURE 5 Effect of GILZ knockout on statin-induced

FDB myofiber toxicity. WT and GILZ KO FDB myofibers were
treated with cerivastatin (1 uM) for up to 120 hours and imaged

for morphological analysis. A, Representative pictures are shown.
Scale bar, 20 um. B, Cell viability was measured after 120 hours of
treatment, using the trypan blue exclusion method. Data show the
mean of four independent experiments performed in replicates + SEM.
*P < .05, #**P < 001 relative to the corresponding control

to a decrease in Akt phosphorylation and, in line with this,
to reduced levels of phosphorylated FOXO3 protein, that
is, FOXO3 activation in parallel to GILZ induction (Figure
7C-E). Hence, we performed chromatin immunoprecipita-
tion to evaluate whether FOXO3 activated Gilz expression
in myoblasts by binding to the forkhead-responsive elements
(FHRE) in its promoter following statin treatment. Indeed, we
found an enrichment of sequences corresponding to three of
the four FHREs presents in the Gilz promoter in immuno-
precipitates from atorvastatin-treated myoblasts, indicating
that GILZ induction in muscle follows dephosphorylation,
nuclear translocation, and activation of FOXO3 (Figure 7F).

3.8 | Statins induce Gilz in zebrafish
embryos, and deregulation of Gilz expression
impairs somitogenesis

The zebrafish is a powerful and versatile in vivo model for
the study of developmental and physiological processes, that

FASEB oy ——

has been used for the elucidation of statin effects on mus-
cle d<:velopm<—:nt50 and homeostasis.*"">? Given that the ze-
brafish expresses a GILZ orthologue,> we chose this model
to study the effects of statins on GILZ expression in vivo
adhering to 3R rules to reduce animal experiments.

In line with our in vitro findings, treatment of zebrafish
embryos at 20 hpf with statins at concentrations that have
been described to cause major muscle damage34 led to an up-
regulation of gilz mRNA (Figure 8A). Moreover, statin treat-
ment of embryos in the 2-4 cell stage for 24 hours resulted
in disrupted muscle development in the tail of the embryos
and a reduction of the frequency and dimension of muscle
contractions, indicating an impaired muscle function (Figure
8B, Supplemental video). To characterize the effects of in-
creased gilz expression in zebrafish muscle development,
we performed myosin heavy chain IF and MyoD staining in
gilz overexpressing and statin-treated embryos. Compared to
control animals, we found an irregular MyoD expression and
diffuse MHC staining with loss of septa in statin-treated em-
bryos. Overexpression of gilz mimicked statin effects, sug-
gesting that gilz mediated statin-induced muscle damage in
this model (Figure 8C,D).

To investigate whether FOXO3b, the orthologue of mam-
malian FOXO3, was involved in gilz upregulation by statins,
we knocked down foxo3b by morpholino injection.35 gilz lev-
els were reduced in foxo3b depleted embryos (Supplemental
Figure 8). It was not possible to assess statin-induced muscle
damage after morpholino-mediated knockdown of foxo3b
because the embryos showed severe defects in axis forma-
tion, as previously reported by Xie et al® (Supplemental
Figure 8B).

4 | DISCUSSION
More than 30 years after their introduction to the market,
statins remain the cornerstone of the pharmacological man-
agement of hyperlipidemia and CVD prevention. In light
of their importance and extended use, the understanding of
the mechanisms underlying the onset of SAMS is of highest
relevance.'” In the present study, we report a role for GILZ
as a pivotal mediator of the myotoxic and antimyogenic ef-
fects of statins. We first demonstrate that treatment of murine
myoblasts with different statins, at concentrations typical for
in vitro studies on SAMS,*"**** induces GILZ expression.
Since SAMS are a class effect and several of the mechanisms
underlying muscle toxicity are directly related to the inhibi-
tion of HMG-CoA,*"> we evaluated whether GILZ expres-
sion depended on this pathway as well. Indeed, we found
GILZ induction to depend on mevalonate, and more specifi-
cally on geranylgeranylation.“

Several molecular mechanisms of statin-induced myotox-
icity have been proposed, describing their deleterious effects
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on mitochondrial function, calcium homeostasis, and cell
survival in the myocyte.I4 In our hands, statins caused Akt
dephosphorylation and activation of the apoptotic cascade in
undifferentiated myoblasts. This effect is in accordance with
previous findings in cultured myotubes.“‘ﬁ(’ Our observations
suggest a crucial role for GILZ in mediating this action. First
described in thymocytes as an antiapoptotic protein.'5 GILZ
can exert anti- or pro-apoptotic effects depending on the cell

“P < .001 relative to the equally treated scr cells

type: GILZ has been shown to promote apoptosis by Mcl-1
downregulation in neutrophils57 and by inhibition of the Akt/
mTOR signaling pathway in myeloma cells.”®

There are discrepancies, however, regarding the mech-
anism by which statins induce cell death in cultured myo-
blasts/myotubes vs. mature fibers. For instance, statins trigger
apoptosis in cultured cells, whereas mature skeletal muscles
show necrotic features.*” Hence, instead of using terminally
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Involvement of FOXO3 in statin-induced GILZ expression. A, Gilz expression on skeletal muscle from WT and FOXO3 KO

mice (n = 5). mRNA expression data normalized against the housekeeping gene (Csnk2a2) and is presented as fold change of WT in boxplots
showing the 25-75th percentiles, mean (square), median (line), and SD (whiskers). B, Reporter gene assay in C2C12 myoblasts transfected with

a Gilz promoter reporter plasmid and treated with vehicle (Co) or statins (50 uM) for 6 hours. Luciferase activity was normalized to the vehicle-
treated control. C-E, Western blot analysis of statin-treated C2C12 cells (50 uM, 6 hours; Co: vehicle control). C, One representative blot is shown.
D-E, Densitometric analysis. Values for vehicle-treated controls were set as 1. F, ChIP analysis was used to detect the binding of FOXO3 to the
Gilz promoter region. Data are presented as fold enrichment over IgG. Data show the mean of at least three independent experiments performed in
replicates + SEM. *P < .05, *¥P < .01, *#*P < .001 relative to the vehicle-treated control

differentiated cultured myotubes, we chose isolated FDB
myofibers as an ex vivo model to evaluate the effects of the
absence of GILZ in statin toxicity toward mature muscle.
We noticed that treatment of murine FDB fibers with ator-
vastatin, simvastatin, and cerivastatin caused cell death with
similar features as those previously described for fluvasta-
tin-treated rat FDB fibers.” Furthermore, in accordance with
our observations in proliferating myoblasts, GILZ was of cru-
cial importance in mediating statin-induced fiber breakdown.

FOXO3 is a transcription factor involved in different aspects
of muscle homeostasis, like regulation of mitochondrial metab-
olism, activation of protein breakdown via the ubiquitin-pro-
teasome and autophagy pathways, and inhibition of muscle

precursor cell proliferation.60 In statin-induced myopathy, re-
ports have shown that FOXO3 activation results in expression of
the muscle atrophy-related protein MAFbx/atrogin-1 and other
genes implicated in muscle proteolysis in vitro and in vivo.**"!
Moreover, FOXO3 has been reported as a transcriptional regula-
tor of GILZ in T cells, where it drives IL-2 withdrawal-induced
GILZ expression.s' We found statin-induced GILZ expression
in muscle to be FOXO3-dependent and, as mentioned above,
GGPP dependent. These results are in accordance with previ-
ous studies that linked SAMS to reduced geranylgeranylation,
but not farnesylation of different small GTPases like Racl,
Rapl, and Rab1.>**%2 Our findings suggest that the inhibi-
tion of protein geranylgeranylation by statins downregulates the
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Akt signaling pathway, leading to FOXO3-driven GILZ induc-
tion, which in turn further decreases Akt phosphorylation and
promotes apoptosis of muscle cells.

The fact that GILZ is expressed in skeletal muscle, as ob-
served by us and reported in earlier studies,'® might denote
a role in muscle tissue homeostasis. Indeed, an earlier study
showed that GILZ and its longer isoform, L-GILZ, modulate
myogenesis in the absence of pharmacological intervention,
and mediate glucocorticoid-induced inhibition of myogenesis
by decreasing MyoD-mediated myogenin transcription, thus
impairing myoblast fusion.?” For this reason, we investigated
the role of GILZ in the antimyogenic effects of statins and
found that the degree of GILZ induction during myogenesis

was correlated to the antimyogenic effect of the statin used.
A previous study reported no differences in myogenin mRNA
levels in simvastatin-treated C2C12.*> We, however, found
myogenin protein expression to be impaired in primary dif-
ferentiating myoblasts treated with atorvastatin. Moreover,
our results in GILZ KO myoblasts indicate that statin-in-
duced GILZ expression, and the consequent myogenin tran-
scriptional repression, is a mechanism by which this class of
drugs impairs myogenesis.

GILZ silencing by shRNA caused the resulting C2C125""
cell lines to differentiate considerably faster than the C2C12%
control, even to a higher degree than observed for WT cells
after terminal differentiation. This supports the importance
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of GILZ itself as a modulator of myogenesis and corresponds
to our observations in zebrafish embryos, where gilz over-
expression severely impaired somitogenesis. Importantly,
zebrafish embryos represent a frequently used in vivo model
for the mechanistic study of SAMS 5263 The regulatory
role played by GILZ in zebrafish embryonic development is
rather complex: the study that first described the presence of
a GILZ orthologue in zebrafish showed that manipulation of
gilz expression in this model, either via morpholino oligo-
mer silencing or mRNA overexpression, causes significant
defects in embryonic development, altering the dorsoventral
patterning, segmentation, and brain development processes.53
In rodents, however, GILZ-independent regulatory pathways
are most likely involved in the modulation of skeletal mus-
cle development, since GILZ KO mice do not exhibit altered
muscle features (unpublished observations).

Even though myogenin expression was rescued in the ab-
sence of GILZ, we could not observe a complete recovery
in myotube formation after statin treatment in C2C12:"1"”
cells. This might be related to residual GILZ expression in
the silenced cells, or to additional pathways that mediate the
antimyogenic effects observed, such as the IGF-1/PI3K/Akt
pathway.% Our observations indicate that GILZ is critical for
statin-induced inhibition of myogenin, an MRF crucial for
myoblast fusion and terminal differentiation.** Additional
factors, however, may also contribute to the inhibition of
muscle regeneration by statins.

Taken together, our data point toward GILZ as an es-
sential mediator of the molecular mechanisms leading to
statin-induced muscle damage and impairment of muscle
regeneration. This study contributes to a better understand-
ing of the molecular mechanisms underlying statin-induced
myopathy, a necessary step toward the development of pre-
vention strategies, and safer therapy approaches for a class
of drugs that remains a pillar in the treatment of cardiovas-
cular disease.
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Supplemental figure 1. Analyses of Gene Expression Omnibus (GEO) datasets. A-D: GILZ expression after atorvastatin
treatment (24 h, 10 uM) in human microvascular endothelial cells (A) and pulmonary artery smooth muscle cells (B) (both
GDS2987, n=3 for vehicle and treatment), after pitavastatin treatment (4 h, 1 uM) in human umbilical vein endothelial cells
(C) (GSE32547, n=9 for vehicle and treatment), and after simvastatin treatment (24 h, 10 puM) human peripheral blood
monocytes (D) (GSE4883, n=3 for vehicle and treatment).
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Supplemental figure 2. Effect of simvastatin on G/LZ expression in human muscle in one hypercholesterolemic individual.
mRNA expression was normalized to the housekeeping gene (RNA/8S5) and is presented as fold change of baseline. Data
show the mean of 2 biopsies at each time point (right and left leg) after 40 mg/d simvastatin treatment. RNA isolation was
performed twice (except for muscle biopsies after 12 weeks of treatment), and qPCR measurements were performed in
triplicates. Data show means + SEM.
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Supplemental figure 3. Baseline Hmgcr expression in murine muscle tissue and C2C12 myoblasts. Hmger mRNA expression
was normalized to the housekeeping gene (Ppia) and is presented as fold of muscle tissue. Data show the mean of 3 independent
experiments = SEM in C2C12 myoblasts and the mean = SEM of samples from 10 female C57/BL6 mice.
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Supplemental figure 4. Effect of statins on C2C12 myoblast viability. C2C12 myoblasts were treated with atorvastatin (Ator),
simvastatin (Sim), or cerivastatin (Ceri) at the indicated concentrations concentrations for 24 h. Cell viability was measured
via MTT or crystal violet (CV) assay. Data show the mean of three independent experiments performed in replicates + SEM.
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Supplemental figure 5. GILZ expression in stable C2C12%GILZ ce]] lines. Scrambled control (C2C12%7) and C2C12GILZ ce]]
lines were generated by lentiviral transduction. A: Gilz mRNA expression was normalized to the housekeeping gene (Csnk2a2)
and is presented as fold change of the non-transduced control (Co). Data show the mean of 3 independent experiments = SEM.
*#p<().01 relative to scr cells. B, C: C2C12% and C2C12hGILZ1 were treated with simvastatin (50 pM, 6 h) or vehicle (0.25%
DMSO, Co), and GILZ expression was determined by Western blot using tubulin as a loading control. B: Representative blot.
C: Densitometric analysis. GILZ values were normalized to tubulin and expressed as x-fold of vehicle-treated (Co) C2C125
(n = 3, duplicates). **P<0.01, ***P<0.001.



Results: The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-Induced Muscle Damage

scr shGILZ1

Ator

Sim

Ceri

Supplemental figure 6. Effect of GILZ absence on statin-induced anti-myogenic effects, as measured by Jenner-Giemsa
staining. Scrambled (C2C1257) and C2C12%6!LZ cel] lines were induced to differentiate for 4 days in the absence or presence
of atorvastatin (Ator, 5 uM), cerivastatin (Ceri, 0.1 uM), or simvastatin (Sim, 1 pM), and subjected to Jenner-Giemsa staining.
Representative images from one out of three experiments with similar outcome are shown. Scale bar, 100 pm.
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Supplemental figure 7. Reporter gene assay in C2C12 myoblasts transfected with a FoxO3 reporter plasmid. Cells were treated
with 50 uM statin or vehicle control (0.25% DMSO) for 6 h. Luciferase activity was measured and is presented as fold of
control. Data show the mean of 4 independent experiments performed in replicates = SEM. *P<0.05, **P<0.01 relative to the
control.
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Supplemental figure 8. Knockdown of foxo3b results in
defects in body axis and reduced gilz expression in
zebrafish embryos. Embryos were injected with 16 ng
foxo3b or random control MO in the 1-2 cell stage. A:
Validation of foxo3b splice-blocking MO effects. The
Jfoxo3b MO injection resulted in a truncated PCR product
(222 bp), caused by the deletion of exon 2. B:
Morphology of representative morphants 48 hpf. foxo3b
morphants had a shorter body length. C: Morphants at 20
hpf were treated with 1 uM simvastatin lactone (Sim) or
vehicle control (Co) for 12 h. Gilz mRNA expression was
normalized to the housekeeping gene (acth2) and is
presented as fold change relative to vehicle-treated
control MO. Data show the means + SEM of 3 samples
pooled from 10-20 embryos per treatment group.
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Abstract: Statins represent the most prescribed class of drugs for the treatment of hypercholes-
terolemia. Effects that go beyond lipid-lowering actions have been suggested to contribute to their
beneficial pharmacological properties. Whether and how statins act on macrophages has been a mat-
ter of debate. In the present study, we aimed at characterizing the impact of statins on macrophage
polarization and comparing these to the effects of bempedoic acid, a recently registered drug for the
treatment of hypercholesterolemia, which has been suggested to have a similar beneficial profile but
fewer side effects. Treatment of primary murine macrophages with two different statins, i.e., simvas-
tatin and cerivastatin, impaired phagocytotic activity and, concurrently, enhanced pro-inflammatory
responses upon short-term lipopolysaccharide challenge, as characterized by an induction of tu-
mor necrosis factor (TNF), interleukin (IL) 13, and IL6. In contrast, no differences were observed
under long-term inflammatory (M1) or anti-inflammatory (M2) conditions, and neither inducible
NO synthase (iNOS) expression nor nitric oxide production was altered. Statin treatment led to
extracellular-signal regulated kinase (ERK) activation, and the pro-inflammatory statin effects were
abolished by ERK inhibition. Bempedoic acid only had a negligible impact on macrophage responses
when compared with statins. Taken together, our data point toward an immunomodulatory effect of
statins on macrophage polarization, which is absent upon bempedoic acid treatment.

Keywords: natural compounds; polarization; bone marrow-derived macrophages; LPS; phagocytosis;
arginase; HMG-CoA reductase; inflammasome; GILZ; KLF2

1. Introduction

Mevastatin, exhibiting potent hypocholesterolemic activity, was isolated in 1976 from
the fungus Penicillium citrinum. Shortly thereafter, two other statins, namely pravastatin
and lovastatin, were discovered [1]. Whereas the semi-synthetic simvastatin solely differs
in an alkyl moiety from lovastatin, synthetic statins, such as cerivastatin and atorvastatin,
only have the pharmacophore in common with their ancestors [2]. Today, statins are the
first-line treatment of cardiovascular diseases (CVDs), which represent the leading cause of
death worldwide [3].

Due to hypercholesterolemia being one of the underlying conditions of atherosclerotic
diseases, statin prescriptions have been rising within the last years, and statins are today the
most prescribed class of drugs worldwide [4]. From natural compound-derived statins to
new synthetic ones, the mode of action has remained the same: This class of drugs interferes
with the rate-limiting step of cholesterol synthesis in the liver by competitively inhibiting
hydroxy-methyl-glutaryl-coenzyme A (HMG-CoA) reductase, resulting in enhanced low-
density lipoprotein (LDL) clearance from the circulation [5-7]. Besides their lipid-lowering

Int. . Mol. Sci. 2021, 22, 12480. https:/ /doi.org/10.3390/ijms222212480
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actions, statins exert pleiotropic effects, which might be due to the impaired synthesis
of isoprenoids as intermediates of the mevalonate pathway. The reduced synthesis of
prenylated proteins, such as Ras and Rho family small GTPases, results in altered cell
signaling [8].

Clinical studies on atherosclerosis have shown that these pleiotropic effects are ben-
eficial and linked them to antioxidant or anti-inflammatory effects and plaque stabiliza-
tion [9,10]. Therefore, statins have been suggested for the treatment of respiratory condi-
tions such as pneumonia and acute respiratory distress syndrome [11,12]. They have also
been reported to be beneficial in different bacterial infections [13,14], and their benefits
in the treatment of COVID-19 are currently under investigation [15]. Consistent clinical
evidence for the benefits of statin use in a broader range of inflammatory conditions is
lacking, which is why statins are still only approved for primary and secondary prevention
of cardiovascular events.

It is, however, very much in doubt whether the statin-mediated inhibition of inflamma-
tion in the context of atherosclerosis is independent of its cholesterol-lowering actions since
recently published studies suggested that statins may activate inflammatory pathways,
and non-statin cholesterol-lowering drugs also have anti-inflammatory potential [16-24].

Macrophages have been postulated as one target cell type of statin actions. They
represent a heterogeneous cell population that is characterized by high plasticity. Both
exogenous and endogenous factors determine macrophage polarization, including, but
not limited to, pathogen-associated molecular patterns, such as lipopolysaccharide (LPS),
danger-associated molecular patterns, but also natural compounds [25-27]. They mediate
their response towards pathogen- or danger-associated molecular patterns by the release
of cytokines and small molecules.

Reports on whether and how statins interact with macrophages are conflicting, how-
ever. Both pro- and anti-inflammatory effects, which result from altered isoprenylation
and activation of stress kinases, such as c-Jun N-terminal kinase (JNK) or extracellular
signal-regulated kinase (ERK), have been described. In addition, statins have been sug-
gested to affect the NOD- (nucleotide-binding oligomerization), LRR- (leucine-rich repeat),
and pyrin domain-containing protein 3 (NLRP3) inflammasome and induce the expression
of the transcription factor Kriippel-like factor 2 (KLF2), a potent inhibitor of metabolic
inflammation [16,28-32].

The novel cholesterol-lowering agent bempedoic acid (ETC-1002) was recently ap-
proved for the treatment of hypercholesterolemia. This small synthetic prodrug is suggested
to act only in hepatocytes. The compound requires a hepatocyte-specific enzyme, the very
long-chain acyl-CoA synthetase-1 (gene name: SIc27a2), for transformation into its active
form, ETC-1002-CoA, which then inhibits ATP-citrate lyase (gene name: Acly) upstream of
HMG-CoA reductase [33,34]. Clinical studies revealed a reduction of LDL-cholesterol and
total cholesterol, but not triglycerides, upon bempedoic acid administration [35].

The pharmacokinetic properties of bempedoic acid aim to prevent muscle-related side
effects, which frequently occur under statin treatment. These adverse effects of statins have
been associated with impaired mitochondrial function and disturbed calcium homeostasis
within muscle cells [36]. Our previously published data also suggest an involvement of
the glucocorticoid-induced leucine zipper (GILZ, gene name Tsc22d3), a protein formerly
mainly known for its anti-inflammatory properties in leukocytes: GILZ was induced by
statins in muscle cells and contributed to statin-mediated myotoxic and anti-myogenic
effects [37].

In addition to its cholesterol-lowering activity, bempedoic acid treatment decreases
high-sensitivity C-reactive protein serum levels, suggesting that the compound exhibits
anti-inflammatory properties [35].

As both statins and bempedoic acid show anti-inflammatory activity in vivo, we
hypothesized that both types of cholesterol-lowering agents might affect macrophage
responses. The aim of the present study was to systematically test different aspects of
macrophage activation upon statin and bempedoic acid treatment.



Results: Statins and Bempedoic Acid: Different Actions of Cholesterol Inhibitors on Macrophage Activation

Int. J. Mol. Sci. 2021, 22, 12480

30f20

2. Results
2.1. Modulation of Inflammatory and Anti-Inflammatory Mediator Expression in Statin-
Treated Macrophages

Potential effects of two statins, i.e., simvastatin (Sim, 2 uM) and cerivastatin (Cer,
0.5 uM), on macrophages were investigated at non-toxic concentrations (Supplementary
Figures S1 and S2). These relatively high statin concentrations are in accordance with the
literature [37,38] and were based on our observations of higher Hmgcr and Acly levels
after statin treatment, as well as the known negative feedback regulation of HMG-CoA
reductase in cell culture (Supplementary Figure S3) [39].

Nuclear factor ‘kappa-light-chain-enhancer’ of activated B-cells (NF-«B) and activator
protein 1 (AP-1) are the main transcription factors involved in macrophage inflammatory
activation. Statin treatment of a macrophage reporter cell line activated NF-«kB/AP-1, and
an additional short-term LPS challenge (4 h LPS) resulted in an even higher amplitude of
inflammation (Figure 1A).
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Figure 1. Effect of statin treatment on inflammatory macrophage activation. (A) RAW-Blue™ cells were treated with either
simvastatin (Sim, 2 uM) or cerivastatin (Cer, 1 uM) for 24 h. Inflammatory activation was induced by treatment with LPS
(100 ng/mL) for the final 4 h. NF-kB/AP-1 activity was determined by secreted embryonic alkaline phosphatase (SEAP)
detection. Co = solvent control (n = 3, triplicates). (B,D,F,H) Tnf (B), Il1b (D), Il6 (F), and Nos2 (H) mRNA expression in
BMMs was determined by real-time RT-PCR, normalized to Ppia, and expressed as x-fold of Co. BMMs were stimulated for
the last 4 h with LPS (100 ng/mL) or polarized towards M1 (LPS, 100 ng/mL; IFNYy, 20 ng/mL), or M2 (IL4, 20 ng/mL)
in the presence or absence of Sim (2 uM) or Cer (0.5 uM) for 24 h. Co = solvent control (1 = 6). (C,E) TNF (C) and IL1p
(E) were measured by bioassay. BMMs were treated for 24 h with either Sim (2 uM) or Cer (0.5 uM). Inflammatory activation
was induced by treatment with LPS (100 ng/mL for IL1f, 10 ng/mL for TNF) for the final 4 h. Co = solvent control (1 = 3,
duplicates for TNE, triplicates for IL13). (G) Nitrite production was measured by Griess assay. BMMs were treated for
24 h with either Sim (2 uM) or Cer (0.5 uM). Samples were stimulated for the final 20 h (LPS, 50 ng/mL; IFNY, 20 ng/mL).
Co = solvent control (n = 3, triplicates). A one-sample f-test followed by a Bonholm post hoc test was used for analyzing
gene expression data of the control group. Means of more than two groups were compared by one-way ANOVA with
Bonholm post hoc test (normal distribution). * p < 0.05, ** p < 0.01, and *** p < 0.001.

Primary bone marrow-derived macrophages (BMMs) were either treated with statins
alone or in combination with different stimuli, namely a short-term inflammatory activation
(4 h LPS), an M1 (24 h LPS/interferon-gamma (IFNYy)), or an M2 (24 h interleukin (IL) 4)
treatment scheme. We then quantified the cytokines TNF and IL1f, NO, and M1/M2-
associated gene expression levels. Both statins amplified the LPS-induced production of
TNF and IL1p (Figure 1C,E). Moreover, statin treatment increased the levels of /6 mRNA
in LPS-treated cells (Figure 1F). II1b and 116 mRNA levels were above background levels
upon treatment with either statin in the absence of LPS, while Trf mRNA was decreased
(Figure 1B,D,F, Supplementary Figure S4A-C). No modulatory effect of statins was ob-
served under M1 conditions (Figure 1B,D,F). Statins did not influence NO release under
inflammatory conditions, and only cerivastatin slightly affected Nos2 mRNA (Figure 1G-H,
Supplementary Figure S54D).

Next, we sought to examine whether statins exert modulatory effects on markers asso-
ciated with anti-inflammatory actions. Statins significantly induced arginase-1 and GILZ
(gene names: Argl, Tsc22d3) under every tested condition (Figure 2A,B, Supplementary
Figure S5A,B). While 1110 and Tgfb1 expression were hardly affected by statin treatment,
Mrcl levels were decreased (Figure 2C-E, Supplementary Figure S5C,D). The transcription
factor KIf2 was induced by statins (Figure 2F, Supplementary Figure S5E,F). Its induction
followed a similar pattern as observed for Tsc22d3, suggesting crosstalk between these
anti-inflammatory mediators. This assumption was further supported by the observa-
tion that statin-induced KIf2 expression was reduced in Tsc22d3 knockout macrophages
(Supplementary Figure S6).

In summary, these data point towards a unique statin-induced modulation of the
macrophage phenotype regarding expression levels of M1/M2 markers after statin treat-
ment. While the induction of M1-associated genes points towards a pro-inflammatory
phenotype, an exacerbation of inflammatory responses may be limited by the selective
induction of anti-inflammatory mediators.
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Figure 2. Effect of statin treatment on the anti-inflammatory response in macrophages. (A-D) Arg1 (A), Tsc22d3 (B), 1110 (C),
Mrcl (D), Tgfb1 (E), and Kif2 (F) mRNA expression in BMMs was determined by real-time RT-PCR, normalized to Ppia, and
expressed as x-fold of Co. BMMs were stimulated for the last 4 h with LPS (100 ng/mL) or polarized towards M1 (LPS,
100 ng/mL; IFNY, 20 ng/mL) or M2 (IL4, 20 ng/mL) in the presence or absence of of simvastatin (Sim, 2 uM) or cerivastatin
(Cer, 0.5 uM) for 24 h. Co = solvent control (n = 6). A one-sample t-test followed by a Bonholm post hoc test was used
for analyzing the gene expression data of the control group. Means of more than two groups were compared by one-way
ANOVA with a Bonholm post hoc test (normal distribution). * p < 0.05, ** p < 0.01, and *** p < 0.001.

2.2. Statins Modulate the Phagocytotic Activity of Macrophages

Phagocytosis represents one of the major macrophage functions, which has been
shown to be altered in atherosclerosis [40]. Our data show a distinct reduction of phago-
cytotic activity by both simvastatin and cerivastatin when added to untreated cells or
combined with short-term inflammatory activation (Figure 3A,B,G: 12 h time point; Sup-
plementary Figures S7-S9: additional images). Both M1 and M2 polarization reduced
the phagocytotic activity in a time-dependent manner (Figure 3C), as reported previ-
ously [41,42]. The presence of statins during polarization showed no additional effect
(Figure 3D-F).
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Figure 3. Effect of statin treatment on the phagocytotic activity of macrophages. (A-G) BMMs were stimulated for the last 4 h
with LPS (100 ng/mL) or polarized towards M1 (LPS, 100 ng/mL; IFNy, 20 ng/mL), or M2 (IL4, 20 ng/mL) in the presence
or absence of simvastatin (Sim, 2 uM) or cerivastatin (Cer, 0.5 uM) for 24 h and monitored by an IncuCyte S3 system after
addition of fluorogenic pHrodo® Red S. aureus bioparticles (5 ug/well). Co = solvent control, RFU = relative fluorescence units.
(A) Representative pictures at indicated time points are shown. (B-G) Quantification of phagocytotic activity expressed as
mean red fluorescence intensity normalized to confluence (1 = 4, duplicates). Statistical analysis was performed by two-way
ANOVA with Bonholm post hoc test (B-F) or one-way ANOVA with Bonholm post hoc test (G). * p < 0.05, *** p < 0.001.
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2.3. ERK Activation Contributes to Statin-Induced Inflammation

We then sought to elucidate the molecular mechanisms underlying statin-mediated
modulation of the macrophage phenotype. It has been reported that macrophages produce
cholesterol even in serum-containing media and that cholesterol biosynthesis can be re-
duced by statin treatment [43]. Macrophages can, however, quickly replenish cholesterol
from the media if their cholesterol levels decline [44]. Thus, the total cellular cholesterol
content is not necessarily affected when de novo synthesis is shut down. This reflects the
in vivo situation, in which cholesterol can be scavenged from the surrounding environ-
ment, e.g., from the bloodstream, which is why we performed all assays in the presence
of serum. To determine whether the cholesterol content indeed remains unchanged after
statin treatment, we measured cellular cholesterol levels and found that they were not
affected by statins (Figure 4A). Interestingly, we observed that the cellular cholesterol
content was reduced by statins under low-serum conditions, i.e., under conditions that
restrict cholesterol replenishment from the media (Supplementary Figure 510).

Since statins’ pleiotropic effects have been described to be related to attenuated protein
prenylation, we co-treated cells with mevalonate (MVA) as an intermediate of the meval-
onate pathway. As shown in Figure 4B, the statin-mediated enhancement of LPS-induced
NF-kB/AP-1 activity was abolished by MVA priming during cerivastatin treatment, but not
during simvastatin treatment, which may point towards distinct mechanisms or different
kinetics. A similar effect was observed when farnesyl pyrophosphate (FPP) or geranylger-
anyl pyrophosphate (GGPP) were added instead of MVA, suggesting that isoprenylation is
required to induce cerivastatin-mediated downstream effects (Supplementary Figure S11).
Interestingly, cerivastatin has been shown to reduce the expression of genes involved in
the MVA pathway to a higher degree than simvastatin [45], implying that this pathway
may be especially vulnerable to cerivastatin-mediated interference.

Statins have been shown to activate the NLRP3 inflammasome in BMMs [46]. To
determine a potential involvement of the NLRP3 inflammasome in the statin-induced
increase of IL1p secretion, we used Nirp3 KO BMMs. The viability of statin-treated cells
was not affected by Nlrp3 knockout (Supplementary Figure S12). As shown in Figure 4C,
IL1p release was NLRP3 inflammasome-independent.

Gene expression data suggested an upregulation of TIr4, which may contribute to the
enhanced susceptibility to LPS of statin-treated cells. In contrast, the expression of neither
Nirp3 nor MyD88 or Tlr2 was altered in the presence of statins (Figure 4D).

Since ERK represents an essential regulator in inflammatory macrophage activa-
tion [26,47], we hypothesized that ERK is involved in statin-mediated effects in macrophages.
Statin treatment led to an enhanced ERK activation (Figure 4E,F). The addition of the
MEK/ERK inhibitor PD98059 prior to statin treatment revealed that statin-induced acti-
vation in short-term LPS-treated cells was entirely abolished by the inhibitor (Figure 4G),
suggesting ERK as a mediator of statin-facilitated inflammatory macrophage activation.

2.4. Bempedoic Acid Treatment Has Minimal Impact on the Phenotype of Macrophages

We then characterized the effect of bempedoic acid on macrophages at the highest
concentration at which the solvent showed no effect and at which the compound was
neither toxic in BMMs nor in RAW 264.7 cells (25 uM, Supplementary Figures S1A and S2A).

The enzyme that converts the prodrug to its active form, i.e., Slc27a2, was barely
expressed in BMMs, suggesting that potential effects of bempedoic acid on macrophages
would be caused by the prodrug (Supplementary Figure S13A). This assumption was
further supported by the observation that different types of human macrophages, i.e.,
monocyte-derived and alveolar macrophages, also expressed very low levels of SLC27A2
(Supplementary Figure S13B).

In contrast to the pronounced effects of statins on macrophages, bempedoic acid treat-
ment affected neither NF-kB/AP-1 activity nor cytokine transcript levels, IL1f secretion, or
ERK activity (Figure 5A,B,D-F, Supplementary Figures S14 and S15). Only a minor increase
of TNF protein levels was detectable in LPS-activated cells (Figure 5C).
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Figure 4. Statins affect different signaling pathways in macrophages. (A) Intracellular cholesterol levels. BMMs were either
treated for 24 h with simvastatin (Sim, 2 M) or cerivastatin (Cer, 0.5 tM). Co = solvent control (1 = 3, triplicates). (B) RAW-Blue™
cells were treated for 24 h with either Sim (2 uM) or Cer (1 uM). Cells were co-treated with mevalonate (MVA, 100 uM) where
indicated. Inflammatory activation was induced by treatment with LPS (100 ng/mL) for the final 4 h. NF-kB/AP-1 activity was
determined by secreted embryonic alkaline phosphatase (SEAP) detection. Co = solvent control (1 = 3, triplicates). (C) IL1p
was measured by bioassay. BMMs of NIrp3 WT and KO BMMs were treated for 24 h with either Sim (2 uM) or Cer (0.5 uM).
Inflammatory activation was induced by treatment with LPS (100 ng/mL) for the final 4 h. Co = solvent control (1 = 4 each WT
and KO, quadruplicates). (D) mRNA expression of indicated genes were determined by real-time RT-PCR, normalized to Ppia,
and expressed as x-fold of Co. BMMs were either treated for 24 h with Sim (2 uM) or Cer (0.5 uM). Co = solvent control (1 = 6).
(E,F) ERK phosphorylation was examined by Western Blot analysis. BMMSs were treated with Sim (2 pM) or Cer (0.5 M) for one
hour. Co = solvent control. (E) One representative blot is shown. (F) Signal intensities were quantified and normalized to total
ERK (1 = 3). (G) RAW-Blue™ cells were pre-treated for 30 min with the ERK inhibitor PD98059 (Inh, 10 uM). Cells were treated
for 24 h with either Sim (2 uM) or Cer (1 uM). Inflammatory activation was induced by treatment with LPS (100 ng/mL) for
the final 4 h. NF-kB/AP-1 activity was determined by secreted embryonic alkaline phosphatase (SEAP) detection. Co = solvent
control (1 = 3, triplicates). One-sample t-test followed by Bonholm post hoc test was used for analyzing gene expression data of
the control group and Western blot (D,F). Means of more than two groups were compared by one-way ANOVA with Bonholm
post hoc test (normal distribution) (B,C,G). * p < 0.05, ** p < 0.01.



Results: Statins and Bempedoic Acid: Different Actions of Cholesterol Inhibitors on Macrophage Activation

Int. . Mol. Sci. 2021, 22, 12480 9 of 20
A B
3 80-
Zz |l [Teo
g s + 70 - [ Bemp
— 2 Y
a < 60
i 3 ﬁ
2 2 ¥
£ 14 * 287 ‘
3 ), T
*0 37
Co Bemp Co LPS LPS/IFNY L4
C D
2000 - 40,000+
[ Jco 30,000 gm
s % e Bemp
o 15004 : o 20,000
£ < 10,000
Qo X o
& 1000 - 1 o
E: ] 2 ) M uim
= x 284
1y
0 0+—==m | - | - .
Co Bemp Co LPS  LPS/IFNy L4
E F
30+ 160,000 -
,s]L_Jco 140,000 ggzm
— | s ] 120,000 :
£ 20- ©
5 S 100,000,
&15— l I % 4
oy D ™
= 3000
5 I__.I._ ¥
L
ol —— e |
Co Bemp Co LPS LPS/IFNY L4
G 6x10° H 7x10°
2 X —a—Co Eaxms —=—Co
£ 5x10° &, 6x1077
g S M#H‘WWW Z 5x10° e TTTITLLILT
2 4x10° ‘tﬁm 3200 4 NasBemp L s
5 S 2 1L ggua® 13
® 3410 '.ﬂﬂ“ § 4x10 et
2 2t £ 3x10°1 i3 sebosetonseties )
S 2¢10° .,! ] g P
= f 3 2x10°
o
gn 1x10° ‘/‘ gﬂ 1)(105-
s J"" s J""
0 2 4 6 8 10 12 14 16 18 0 2 4 6 8 10 12 14 16 18
time [h] time [h]

Figure 5. Effect of bempedoic acid treatment macrophages. (A) RAW-Blue™ cells were treated with bempedoic acid (Bemp, 25 M)
for 24 h. Inflammatory activation was induced by treatment with LPS (100 ng/mL) for the final 4 h. NF-kB/AP-1 activity was
determined by secreted embryonic alkaline phosphatase (SEAP) detection. Co = solvent control (n = 3, triplicates). (B,D,F) Tnf (B),
111b (D), and 116 (F), mRNA expression in BMMs was determined by real-time RT-PCR, normalized to Ppia, and expressed as x-fold
of Co. BMMs were stimulated for the last 4 h with LPS (100 ng/mL) or polarized towards M1 (LPS, 100 ng/mL; [FNy, 20 ng/mL) or
M2 (IL4, 20 ng/mL) in the presence or absence of Bemp (25 uM) for 24 h. Co = solvent control (1 = 6). (C,E) TNF (C) and IL1j3 (E)
were measured by bioassay. BMMs were treated for 24 h with Bemp (25 uM). Inflammatory activation was induced by treatment
with LPS (100 ng/mL for IL1f3, 10 ng/mL for TNF) for the final 4 h. Co = solvent control (1 = 3, duplicates for TNE, triplicates for
IL1B). (G, H) BMMs were treated for 24 h with Bemp (25 tM) in the presence or absence of 1.4 (20 ng/mL) and monitored by an
IncuCyte S3 system after the addition of fluorogenic pHrodo® Red S. aureus bioparticles (5 pg/well). Quantification of phagocytotic
activity expressed as mean red fluorescence intensity normalized to confluence (1 = 4, duplicates). RFU = relative fluorescence units.
A one-sample t-test followed by a Bonholm post hoc test was used for analyzing gene expression data of the control group. Means of
more than two groups were compared by one-way ANOVA with Bonholm post hoc test (normal distribution). Statistical analysis of
phagocytotic activity was performed by two-way ANOVA with Bonholm post hoc test. *** p < 0.001.
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The phagocytotic activity was not altered by bempedoic acid when cells were other-
wise left untreated (Figure 5G). However, bempedoic acid was able to partially rescue the
M2-associated decline in phagocytotic activity, while no effect of bempedoic acid was ob-
served in cells under short-term inflammatory or M1 conditions (Figure 5H, Supplementary
Figure 516).

3. Discussion

For decades, statins have been the gold standard for the treatment of CVD [48].
They have been suggested to exert pleiotropic effects beyond their cholesterol-lowering
actions [2]. Previous publications reported pro- and anti-inflammatory responses in
macrophages employing different models and treatment schemes [16,17,22,29,49-51]. Thus,
we sought to investigate the influence of statins on macrophages during polarization and
in short-term inflammation.

Our data showed that statins skew macrophages towards a unique mixed pheno-
type, both under otherwise unstimulated conditions and after short-term inflammatory
activation, but not during M1/M2 polarization. The statin effects were characterized by
enhanced inflammatory cytokine production but unaltered NO release. The enhanced
cytokine release is in accordance with previously published studies investigating the in-
fluence of statins on inflammatory responses [17,50,52-54]. However, these studies differ
regarding the investigated cell type, the treatment scheme, or the respective inflammatory
stimulus. Kuijk et al. used a human monocytic cell line [52], Hohensinner et al. inves-
tigated atorvastatin effects [53], and Matsumoto et al. showed elevated TNF levels in
RAW 264.7 cells [50]. Kiener et al. used a setup that was most similar to our short-term
inflammation model, although human peripheral monocytes were used. In accordance
with our results, their study showed elevated LPS-induced cytokine production in cells
pre-treated with statins [17].

While we observed a distinct effect of statins on untreated or LPS-activated macrophages,
statins did not affect transcript levels of Tnf, Il1b, and 1l6 when present during M1/M2
polarization. The study by Hohensinner et al. points toward the same direction, showing
an unaltered macrophage polarization program after atorvastatin treatment in human
macrophages, as suggested by unaltered levels of CD80, CD206, IL6, and IL10 [53].

Despite the induction of inflammatory cytokines, our findings do not show a clear
inflammatory phenotype since we observed an unaltered NO release upon statin treatment.
This observation might be linked to an increased expression of arginase, which represents
a classical marker of M2 macrophages as it antagonizes NO production.

In fact, several studies showed anti-inflammatory effects of statins on monocyte
and macrophage inflammatory responses, such as decreased iNOS in a macrophage cell
line [38] and CRP-induced chemokine secretion in human monocytes [55], as well as
decreased TNF levels in human monocytes ex vivo [56]. The latter can be explained by a
24 h LPS treatment scheme, which might have led to a relatively anti-inflammatory state
termed endotoxin tolerance and therefore strongly differs from our experimental setup [55].
The lack of characterization of macrophage phenotypes, species-specific differences, or
chemical properties of the used statins might also contribute to the differences to our
results. Of note, many in vitro studies were conducted in serum-free media. This approach
does not reflect physiologic conditions and may also heavily influence the macrophage
phenotype [20,29,57].

There are discrepancies regarding the proposed mechanisms by which statins have
been suggested to induce a pro- or anti-inflammatory response. On the one hand, physico-
chemical interactions between statins and cell membranes have been described, resulting
in impaired lipid rafts and membrane fluidity [58]. On the other hand, interactions be-
tween statins and cellular signaling pathways, either cholesterol-dependent or isoprenoid-
dependent, have been suggested to cause downstream effects [59].
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Our data demonstrate a clear activation of NF-kB/AP-1, which represent central
inflammatory transcription factors. This finding is in accordance with Healy et al., who
showed an increase of NF-kB activity after atorvastatin treatment in BMMs [22]. Inter-
estingly, the study also showed that statins disrupted the complex between the small
GTPAse Racl and its negative regulator, the Rho guanine nucleotide dissociation inhibitor
(RhoGDI), an interaction that is dependent on protein isoprenylation. This led to increased
active Racl levels in monocytes and macrophages, which may be the cause of some of the
pro-inflammatory statin effects in macrophages, including enhanced IL1p secretion.

Similarly, Akula et al. showed that simvastatin facilitated IL1B maturation and
secretion in response to LPS [60]. This effect was reversible by GGPP addition, which
restored GGTase-I-mediated prenylation of Racl. Thus, the authors speculated that the
pro-inflammatory effects of statins may result from reduced Rac1 prenylation, which may
also explain some of our findings.

Since Henriksbo et al. reported an NLRP3 inflammasome-dependent production of
IL1B by fluvastatin in BMMs, we aimed to reproduce their findings [46]. Our data do
not support an NLRP3-dependent IL1f release upon treatment of either simvastatin or
cerivastatin, which, again, might be due to differences regarding the treatment scheme.

Stress kinases, such as ERK, play an important role in macrophage-mediated inflam-
mation. We, therefore, investigated ERK activation after statin treatment and found that
statins induce ERK phosphorylation. ERK activation was previously observed by Lee et al.
after simvastatin treatment in RAW 264.7 cells in a time-dependent manner [61]. Thus, the
activation of ERK might in part contribute to statin-induced inflammatory effects.

Phagocytosis is an essential aspect of macrophage host defense and plays a crucial
role in all stages of atherogenesis, either by LDL clearance and foam cell formation or
regarding plaque stability. Moreover, phagocytosis is pivotal for pathogen clearance in a
wide range of infectious diseases [40]. We found that statins decreased the phagocytotic
activity in otherwise unstimulated cells and under short-term inflammatory conditions.
These findings are in accordance with published data for human macrophages [20], murine
peritoneal macrophages, and human monocytes [62]. Interestingly, other experimental
setups with in vivo and ex vivo murine peritoneal macrophages suggested an enhanced
phagocytotic activity upon statin treatment, which might be related to differences regarding
the macrophage origin or the phagocytosed material [63,64]. Mechanistically, statins may
impair phagocytosis via reduced isoprenylation of members of the Rho family of small
G-proteins, as shown in previous studies [65,66].

The recently registered drug bempedoic acid was known as ESP-55016 and ETC-1002
when it was first synthesized in 2004 [67]. Due to the prodrug properties of bempedoic
acid, i.e., the fact that its pharmacologically active form is generated by a liver-specific
enzyme, its action is supposed to be limited to hepatic cells. In fact, clinical trials show no
muscle-related effects, which are associated with statin therapy as adverse effects [68]. Still,
despite its supposed liver-specific action, bempedoic acid has been described to exhibit
anti-inflammatory activities [69]. A previous study showed reduced TNF levels in human
LPS-treated macrophages after treatment with 50-100 uM bempedoic acid. The authors
suggested a modulation of AMPK and MAPK pathways as the underlying mechanism [33].
The study also showed that macrophages did not convert the compound into its active
form, implying that target-independent unspecific actions of the prodrug caused the
observed effects.

While the Slc27 gene family generally represents a family of fatty acid transporters [70],
the protein encoded by Slc27a2 also exhibits metabolic activity. This isozyme represents
a member of the long-chain fatty-acid-coenzyme A ligase family, shows a preference for
generating CoA derivatives of n-3 fatty acids [71], and is required to transform bempedoic
acid into its active form [34]. We showed that different types of human macrophages express
very low levels of SLC27A2, thereby supporting previous findings [33]. Furthermore, our
data suggest that murine macrophages are also unable to transform the prodrug since
Slc27a2 was virtually not expressed in these cells.
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In contrast to the study by Filippov et al. [33] we did not observe any effect of be-
mpedoic acid for most readout parameters. This observation might be related to the fact
that we used a lower concentration of 25 uM due to the toxicity of the compound itself (at
>50 uM in RAW 264.7 cells) or the vehicle DMSO at the corresponding concentrations (at
>0.5% in BMMs). The maximal serum concentration of bempedoic acid in vivo averages
out at 60-90 uM, but the compound shows a high degree of plasma protein binding (>99%),
which limits its activity [72,73]. Thus, less than 1 uM free bempedoic acid is available to
affect immune cells in vivo, suggesting that a concentration of 25 uM should be sulfficient
to uncover potential effects in vitro.

Interestingly, the only clear effect of bempedoic acid was the rescue of the phagocytotic
activity during its M2-associated decline. Since bempedoic acid is not converted into the
ATP-citrate lyase-inhibitor bempedoic acid-CoA in macrophages [31], and macrophage
cholesterol levels are not affected by bempedoic acid (Supplementary Figure S10), a
cholesterol-dependent mechanism can be ruled out. One might speculate that this ef-
fect is due to the enhanced fatty acid oxidation in bempedoic acid-treated cells, which plays
a more prominent role during M2 polarization compared to M1 [67,74,75]. As mentioned
above, it has been shown that bempedoic acid in its prodrug form can activate AMPK [31],
and AMPK activation may enhance phagocytosis [76]. Thus, AMPK activation may repre-
sent another pathway by which bempedoic acid modulates the phagocytotic capacity of
M2 macrophages.

Modulation of macrophage phenotypes has been suggested as a novel strategy for the
pharmacological treatment of atherosclerosis. Macrophages with different functional pheno-
types are likely to play different roles in the pathogenesis and progression of atherosclerosis:
M1 macrophages have been associated with initiating and sustaining inflammation, and
M2 macrophages have been linked to inflammation resolution. In fact, M2 macrophages
are particularly abundant in stable zones of the plaque and asymptomatic lesions. How-
ever, a broad spectrum of intermediate phenotypes has been identified in vivo studies.
Different stimuli, such as various cytokines, lipids, senescent or apoptotic cells, and iron,
can influence macrophage phenotypes in atherosclerotic lesions, thus generating a complex
microenvironment that cannot be fully recapitulated in in vitro studies [77,78].

Our data suggest detrimental pro-inflammatory effects of statins on macrophages
within the plaque, although another inflammatory trigger may be required. Indeed, it
has been reported that full plaque regression upon treatment with cholesterol-lowering
agents may be prevented if macrophage inflammation persists [78]. Our data show that
an inflammatory activation might be fueled by statins, thus potentially limiting plaque
regression. However, this issue might be outweighed by the beneficial effect of statins on
other cell types, such as endothelial and smooth muscle cells, and the overall impact of
reduced serum cholesterol levels [79].

In other contexts, statins may affect macrophages in a favorable manner due to their
ability to induce KLF2: a recent study revealed that myeloid KLF2 reduces metabolic
inflammation in peripheral and central tissues in a mouse model of obesity [32]. Thus, the
impact of statin treatment on macrophages in vivo most likely depends on the degree of
inflammation within the microenvironment.

Statins have been suggested as potential therapeutics for diseases beyond CVD, par-
ticularly inflammatory lung diseases and infectious diseases [11,12]. In our hands, statin
treatment led to hyperinflammation under conditions that mimic acute inflammation, i.e.,
short-term LPS treatment. The decreased phagocytotic capacity in statin-treated cells im-
plies that the clearance of pathogens in patients undergoing statin therapy may be reduced.
Of note, phagocytosis can also contribute to disease progression if internalized bacteria
are not completely killed, and the bactericidal capacity of macrophages is linked to a pro-
inflammatory phenotype [80]. Thus, the pro-inflammatory state induced by statins may
contribute to a better outcome in bacterial infections, which was previously observed for
patients on statin therapy [13,14]. Bempedoic acid, on the other hand, had negligible effects
on inflammation, but even enhanced phagocytosis, at least in M2 macrophages. Again,
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the outcome of bempedoic acid treatment during a bacterial infection would depend on
whether their bactericidal capacity is also altered. Thus, it would be interesting to examine
the influence of bempedoic acid and statins on the bactericidal activity of macrophages in
future studies.

Taken together, our data point towards a unique cholesterol-independent modulation
of macrophage functions by statins, which is not exhibited by bempedoic acid. Furthermore,
our data suggest that the anti-inflammatory properties that statins and bempedoic acid
show in vivo are not related to their effects on macrophages but are more likely linked to
systemic effects or effects on other cell types.

4. Materials and Methods
4.1. Reagents

Cell media (RPMI1640, #R0883; DMEM, #D6546), fetal calf serum (FCS, #F7524),
penicillin/streptomycin (#P433), and glutamine (#G7513) were purchased from Sigma-
Aldrich (St. Louis, MO, USA). PAN-FCS (#P040-37500) was purchased from PAN-Biotech
(Aidenbach, Germany). Zeocin™ (#ant-zn-05), Normocin™ (#ant-nr-1) and HEK-Blue™
Selection (#hb-sel) were purchased from InvivoGen (San Diego, CA, USA). Anti-p44 /42
(ERK1/2) mouse antibody (L34F12, #4696S) and anti-phospho-p44 /42 MAPK (Thr202/
Tyr204) rabbit mAbs (20G11, #4376S) were obtained from Cell Signaling Technology
(Danvers, MA, USA). Anti-rabbit IRDye 680- and anti-mouse IRDye 800-conjugated sec-
ondary antibodies were from LI-COR Biosciences (#926-68071, #926-32210) (Lincoln, NE, USA).
Ultrapure LPS from E. coli K12 (#tlrl-peklp) and QUANTI-Blue™ (#rep-qb) were purchased
from InvivoGen (San Diego, CA, USA). MTT (# M5655), actinomycin D (#A9415), PD98059
(#P215), cerivastatin sodium salt hydrate (#SML0005), and (R)-Mevalonic acid lithium
salt (#50838) were obtained from Sigma-Aldrich (St. Louis, MO, USA). Murine M-CSF
(#130-101-704), IFNy (#130-105-782), IL4 (#130-094-061), and 111p (#130-101-681) were ob-
tained from Miltenyi Biotech (Bergisch Gladbach, Germany). Simvastatin sodium salt
(#10010345) was purchased from Cayman Chemicals (Ann Arbor, MA, USA) and Bempe-
doic acid (#738606-46-7) was purchased from MedChemExpress (Monmouth Junction, NJ,
USA). 5xHotFirePOIl EvaGreen qPCR Mix (no Rox) (#08-25-00001) was purchased from Soli
Biodyne (Tartu, Estland). Rockland Blocking Buffer (#MB-070) was purchased from Biomol
(Hamburg, Germany). pHrodo™ Red S. aureus Bioparticles™ Conjugate for Phagocyto-
sis (#A10010) was purchased from Thermo Fisher Scientific (Waltham, MA, USA). Other
chemicals were obtained from either Sigma-Aldrich (St. Louis, MO, USA) or Carl Roth
(Karlsruhe, Germany) unless stated otherwise.

4.2. Cell Culture

RAW-Blue™ cells (InvivoGen, San Diego, CA, USA, #raw-sp) were grown in high
glucose DMEM medium supplemented with 10% heat-inactivated FCS (30 min at 56 °C),
2 mM glutamine, 100 U/mL penicillin G, 100 ug/mL streptomycin, 100 ug/mL Normocin,
and 200 pg/mL Zeocin for selection.

HEK-Blue™ IL-1R cells (InvivoGen, San Diego, CA, USA, #hekb-illr) were grown
in high-glucose DMEM medium supplemented with 10% heat-inactivated FCS (30 min at
56 °C), 2 mM glutamine, 100 U/mL penicillin G, 100 pug/mL streptomycin, 100 pug/mL
Normocin, and 1 x HEK-Blue™ Selection.

L929 cells and RAW 264.7 cells (American Type Culture Collection) were cultivated in
standard medium (RPMI 1640, 10% FCS, 100 U/mL penicillin G, 100 pg/mL streptomycin,
2 mM glutamine). The cells were maintained at 37 °C in a humidified atmosphere of
5% COx.

BMMs were obtained from wild-type (WT) or Nirp3 knockout (KO) mice as described
previously [47]. Femurs and tibias were flushed with standard medium (RPMI 1640,
10% PAN-FCS, 100 U/mL penicillin G, 100 ug/mL streptomycin, 2 mM glutamine). Af-
ter centrifugation (10 min, 200x g), erythrocytes were lysed by incubation in hypotonic
buffer (155 mM NH4Cl, 10 mM KHCOj3, 1 mM NayEDTA) for 3 min at 37 °C. Cells
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were washed with PBS, resuspended in standard medium containing M-CSF (50 ng/mL,
30 mL per preparation), transferred into a 75 cm? culture flask, and cultured overnight.
Fibroblast-like cells, mature mononuclear phagocytes, and other cells adhering to the
flask were discarded [81]. Non-adherent cells were collected and cultured in a 150 cm?
culture flask for another 5 to 6 d in M-CSF-containing medium. Differentiated cells were
detached with Accutase® (Sigma-Aldrich, St. Louis, MO, USA #A6964), suspended in
standard medium supplemented with 50 ng/mL M-CSEF, and seeded into 96-well plates
(7.5 x 10* cells/well) for TNF and IL1B measurements as well as MTT assays and
5.0 x 10*/well for phagocytosis and Griess assays or into 24-well plates (2.5 x 10° cells/well)
for RT-qPCR and Amplex® cholesterol kit (Thermo Fisher Scientifc, Waltham, MA, USA,
#A12216) and into 6-well plates (106 /well) for Western blot analysis. The solvent control
was 0.25% DMSO. Higher DMSO concentrations were avoided due to toxicity issues (at
0.5%: viability reduced by 18.7 4 3.4%, p = 0.0004, determined by MTT assay).

4.3. Mice

Mice were housed in a 12:12 h light-dark cycle with food and water ad libitum. For
all experiments, C57B/6 mice of the same age were used. For the IL1 bioassay, we used
mice in which the entire coding sequence of NIrp3 was replaced with a Neo cassette (NIrp3
KO mice, The Jackson Laboratory, Bar Harbor, ME USA; #B6.12956- Nlrp3“’“1Bhk /]). Geno-
typing was performed with 5x HOT FIREPol EvaGreen® gPCR Mix and a total volume of
20 pL and primer sequences as follows: mutant forward 5'-TGCCTGCTCTTTACTGAAGG-
3/, wild type forward 5-TCAGTTTCCTTGGCTACCAGA-3/, and common reverse 5'-
TTCCATTACAGTCACTCCAGATGT-3', as described by The Jackson Laboratory. B6.129P2-
LyzZtml(m')If"/] mice (The Jackson Laboratory) were crossed with C57B/6 mice bear-
ing LoxP sites upstream and downstream of T5c22d3 exon 6 to obtain myeloid-specific
Gilz knockout (KO) mice. Breeding and genotyping were performed as described previ-
ously [47].

4.4. Endotoxin Quantification

Simvastatin, cerivastatin, and bempedoic acid were tested for the absence of endo-
toxin using the endotoxin assay PyroGene™ Assay (Lonza, Basel, Switzerland, #50-658U)
according to the manufacturer’s instructions. Its sensitivity ranges from 0.0005 to 5 EU/mL.
Briefly, 100 uL aliquots of samples diluted in endotoxin-free water and tested in the high-
est used concentration as well as standards were transferred to a microtiter plate. Each
sample was measured in duplicate, and a standard curve was run alongside the samples.
After 60 min incubation at 37 °C, fluorescence was measured using a fluorescence reader
(PromegaTM GloMax® Plate Reader, Madison, WI, USA) at 415-445 nm emission and
365 nm excitation. Endotoxin levels of final compound concentrations were below those of
cell culture media and sera.

4.5. Cytotoxcity Measurements

To ensure the use of non-toxic concentrations of all compounds, simvastatin, cerivas-
tatin, bempedoic acid, PD98059, and mevalonate, the MTT colorimetric assay was per-
formed as described previously (Supplementary Figures S1 and S2) [47]. Absorbance
was measured at 560 nm using a microplate reader (Promega™ GloMax® Plate Reader
Madison, WI, USA). The cell viability obtained from at least three independent experiments
performed in triplicate or sextuplicate was calculated relative to solvent controls.

4.6. Gene Expression in Human Macrophages

Publicly available RNA sequencing data sets (Gene Expression Omnibus (GEO)
datasets GSE162669 and GSE162698) were analyzed to assess HMGCR, ACLY, and SLC27A2
expression in human monocyte-derived macrophages and human alveolar macrophages,
as detailed in [44].
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4.7. RNA Isolation, Reverse Transcription, and Quantitative PCR (RT-qPCR)

Quantitative RT-PCR (qPCR) was performed as described previously [47]. Total RNA
from cells was isolated using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland,
#11828665001), following the manufacturer’s instructions. RNA was reverse transcribed us-
ing the High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, #4368813)
in the presence of the RNase inhibitor RNaseOUT™ (Thermo Fisher Scientific, #10777019)
following the manufacturer’s instructions. qPCR was performed using the 5x HOT FIREPol
EvaGreen® qPCR Mix and a total volume of 20 uL. The primer sequences for each transcript
are detailed in Table 1. For each primer pair, an annealing temperature of 60 °C was used
(except Nirp3 with 59 °C annealing temperature). The CFX96 touch™ Real-Time PCR
detection system (Bio-Rad Laboratories, Hercules, CA, USA) was used to quantify gene
expression. Data were analyzed with the comparative AACt method. The housekeeping
gene was chosen after evaluating the expression stability of at least three candidate genes
under the experimental conditions, using the geNorm, NormFinder, and BestKeeper Soft-
ware tools [82]. Absolute amounts of the transcript were normalized to the corresponding
housekeeping genes.

Table 1. Primer sequences for RT-qPCR analyses.

Gene Accession Number Forward Primer Sequence 5'-3' Reverse Primer Sequence 5'-3’
Acly NM_134037.3 ATGCCCCAAGGAAAGAGTGC CTCGGGAACACACGTAGTCA
Argl NM_007482.3 ACAAGACAGGGCTCCTTTCAG GGCTTATGGTTACCCTCCCG
Hmgcr NM_008255.2 ATCCAGGAGCGAACCAAGAGAG CAGAAGCCCCAAGCACAAAC
110 NM_010548.2 GCCCAGAAATCAAGGAGCAT GAAATCGATGACAGCGCCT
16 NM_031168.2 AAGAAATGATGGATGCTACCAAACTG GTACTCCAGAAGACCAGAGGAAATT
Kif2 NM_008452.2 CCTTGCACATGAAGCGACAC ACTTGTCCGGCTCTGTCCTA
Myds88 NM_010851.3 TAAGTTGTGTGTGTCCGACCG CATGCGGCGACACCTTTTCT
Nos2 NM_010927.3 CTTCCTGGACATTACGACCC TACTCTGAGGGCTGACACAA
Ppia NM_008907.1 GCGTCTCCTTCGAGCTGTTT CACCCTGGCACATGAATCCT
Slc27a2 NM_011978.2 AGCGGAGAGACCTCCTGATGAT CAGAAGCCCCAACAAGCACAAAC
Tir2 NM_011905.3 CACTGCCCGTAGATGAAGTC TACCTCCGACAGTTCCAAGA
Tir4 NM_021297.3 TCCCTGCATAGAGGTAGTTCC TCAAGGGGTTGAAGCTCAGA
Tnf NM_013693.2 CCATTCCTGAGTTCTGCAAAGG AGGTAGGAAGGCCTGAGATCTTATC
Tgfb1 NM_011577.1 ACCCTGCCCCTATATTTGGA CGGGTTGTGTTGGTTGTAGAG
Tsc22d3 NM_010286.4 GCTGCTTGAGAAGAACTCCCA GAACTTTTCCAGTTGCTCGGG

4.8. Western Blot

Cells were lysed in lysis buffer (50 mM Tris-HCI, 1% (m/v) SDS, 10% (v/v) glycerol,
5% (v/v) 2-mercaptoethanol, 0.004% (1 /v) bromphenol blue) supplemented with a protease
inhibitor mix (cOmplete®; Roche Diagnostics, Basel, Switzerland, #04693124001) and
stored at —80 °C until further use. After sonication, lysates were boiled for 5 min at
95 °C. Proteins were separated by SDS-PAGE on 12% gels using the Mini-Protean Tetra
Cell system (BioRad, Hercules, CA, USA) and transferred onto Immobilon FL-PVDF
membranes (Millipore, Burlington, MA, USA, #IPFL00010) using the Tetra Blotting Module
(BioRad). The membranes were blocked in Rockland blocking buffer for near-infrared
Western Blotting for 1.5 h, incubated with primary antibody dilutions (1:1000 in Rockland
blocking buffer) at 4 °C overnight and with IRDye 680 or IRDye 800 conjugated secondary
antibodies (1:10,000 in Rockland blocking buffer) for 1.5 h at room temperature. Blots were
scanned with an Odyssey Infrared Imaging System (LI-COR Bioscience, Lincoln, NE, USA),
and relative protein amounts were determined using the Odyssey software.

4.9. Cytokine Quantification

Murine TNF was quantified by bioassay as previously described [83]. L929 cells were
seeded at a density of 3 x 10* cells/well into a 96-well plate. After 24 h, the medium was
replaced by 100 uL of actinomycin D solution (1 pug/mL in standard medium), and cells
were incubated for 1 h at 37 °C. Subsequently, BMM supernatants (1:5 diluted, 100 uL total
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volume/well) were added. Dilution series of recombinant murine TNF (100-2500 pg/mL)
were run alongside the samples to generate a standard curve. The plates were incubated
for an additional 24 h at 37 °C. The MTT assay was used to assess cell viability.

Murine IL1p was quantified by bioassay. HEK-Blue™ IL-1R cells were seeded at a den-
sity of 5 x 10* cells/well with BMM supernatants (1:100 diluted, 20 uL total volume/well)
into a 96-well plate and incubated overnight at 37 °C. Dilution series of recombinant murine
IL1B (105-10' ng/mL) were run alongside the samples to generate a standard curve.
The next day, supernatants were collected, and secreted embryonic alkaline phosphatase
(SEAP) activity was determined using the QUANTI-Blue™ Solution according to the
supplier’s instructions. SEAP levels were determined at 600 nm with a microplate reader
(Promega™ GloMax®).

4.10. NF-kB/AP-1 Reporter Cells

RAW-Blue™ cells (InvivoGen, San Diego, CA, USA, #raw-sp) expressing SEAP un-
der the control of the IFNB minimal promoter fused to five NF-kB and AP-1 binding
sites were used to determine NF-kB/AP-1 activity. Cells were seeded into 96-well plates
(10° cells/well) and treated as indicated. After 24 h, supernatants were collected, and
SEAP activity was determined using the QUANTI-Blue™ Solution according to the sup-
plier’s instructions. SEAP levels were determined at 600 nm with a microplate reader
(Promega™ GloMax®).

4.11. Griess Assay

BMMs were cultured in 96-well plates (5 x 105 cells/well) and treated as indicated.
After 24 h, the concentration of nitrite was measured in the supernatants by Griess assay
as previously described [84]. In brief, 90 puL 1% sulfanilamide in 5% H3PO, and 90 uL
0.1% N-(1-naphthyl)ethylenediamine dihydrochloride in H,O were added to 100 pL of cell
culture supernatant, followed by absorbance measurement at 560 nm using a Promega™
GloMax® Plate Reader. A standard curve of sodium nitrite dissolved in medium was run
alongside the samples.

4.12. Cholesterol Quantification

Intracellular cholesterol (free cholesterol and cholesteryl esters) was quantified with
the Amplex® Red Cholesterol Assay Kit (Thermo Fisher Scientifc, #A12216) according
to the manufacturer’s instructions with minor modifications as detailed in [44]. Briefly,
BMMs were lysed in 200 uL reaction buffer. A total of 50 uL of a 1:5 dilution of the lysate
in sample puffer were transferred into a 96-well plate and incubated with the Amplex®
working solution. Each sample was measured in triplicate, and a standard curve was run
alongside the samples. After 30 min incubation (37 °C, protected from light), fluorescence
was measured using a plate reader (Promega™ GloMax®) at 580-640 nm emission and
520 nm excitation. Total cellular protein concentrations used for data normalization were
determined by Pierce BCA protein assay (Thermo Fisher Scientific, #23225) according to
the manufacturer’s instructions.

4.13. Phagocytotic Activity

BMMs were seeded into a 96-well plate (5 x 10* cells/well, 100 uL) and treated as
indicated. After 24 h treatment, 5 ug pHrodo™ Red S. aureus Bioparticles™ Conjugate were
added. Cells were imaged for 24 h in an IncuCyte S3 system. The phagocytotic activity
was analyzed with the IncuCyte analysis software and expressed as mean red fluorescence
intensity normalized to confluence.

4.14. Statistical Analysis

All experiments were performed at least three times. Data distribution was determined
by the Shapiro-Wilk test. One-sample t-test followed by a Bonholm post hoc test was
used for analyzing gene expression data of the control group and Western blot. Means
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of more than two groups were compared by one-way ANOVA with a Bonholm post hoc
test (normal distribution). Means of more than two groups that have been split into two
independent variables were compared by two-way ANOVA with a Bonholm post hoc test.
Statistical significance was set as * p < 0.05, ** p < 0.01, and *** p < 0.001 compared with
controls or as indicated. Data analysis was performed using Origin software (OriginPro
2018b; OriginLab, Northampton, MA, USA).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/1jms222212480/s1.
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Figure S1. Cytotoxicity of statins and bempedoic acid. BMMs were treated with simvastatin (Sim), cerivastatin (Cer), or
bempedoic acid (Bemp) at the indicated concentrations for 24 hours and viability was normalized to the respective DMSO

control (Co). Cell viability was measured by MTT (n = 3, sixtuplicates).
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Figure S2. Cytotoxicity of compounds. A. RAW 264.7 cells were treated with simvastatin (Sim), or bempedoic acid (Bemp)
at the indicated concentrations for 24 hours and viability was normalized to the respective DMSO control (Co). Cell via-
bility was measured by MTT (n = 3, sixtuplicates). B. RAW-Blue™ cells were stimulated for the last 4 hours with LPS (100
ng/mL) in the presence or absence of simvastatin (Sim, 2 uM), cerivastatin (Cer, 1 uM), or bempedoic acid (Bemp, 25 uM)
for 24 hours and viability was normalized to the respective DMSO control. Cell viability was measured by MTT. Co =
solvent control (n = 3, triplicates). C. RAW-Blue™ cells were treated with simvastatin (Sim, 2 uM) or cerivastatin (Cer, 1
1M) in the presence or absence of PD98059 (Inh, 10 uM) for 24 h and in the presence or absence of LPS (100 ng/mL) for 4
hours. Cell viability was measured by MTT. Co = solvent control (1 =3, triplicates). D. RAW-Blue™ cells were treated with
the statins (Stat) simvastatin (Sim, 2 uM) or cerivastatin (Cer, 1 uM) in the presence or absence of mevalonate (MVA, 100
uM) for 24 h and in the presence or absence of LPS (100 ng/mL) for 4 hours. Cell viability was measured by MTT. Co =

solvent control (1 =3, triplicates).
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Figure S3. Expression of genes associated with cholesterol synthesis. Hmgcr and Acly mRNA expression in BMMs
were determined by real-time RT-PCR, normalized to Ppia, and expressed as x-fold of Co. BMMs were either treated
for 24 hours with simvastatin (Sim, 2 uM) or cerivastatin (Cer, 0.5 uM). Co = solvent control. Statistical analysis was
performed by one-sample f-test followed by Bonholm post hoc test (n = 6). ** p <0.01.
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Figure S4. Effect of statin treatment on the inflammatory response in macrophages. A-D. 1l6 (A), Tnf (B), Il1b (C), and
Nos2 (D) mRNA expression in BMMs were determined by real-time RT-PCR, normalized to Ppia, and expressed as x-fold
of the respective Co. BMMs were stimulated for the last 4 hours with LPS (100 ng/mL) or polarized towards M1 (LPS, 100
ng/mL; IFNY, 20 ng/mL), or M2 (IL4, 20 ng/mL) in the presence or absence of simvastatin (Sim, 2 uM) or cerivastatin (Cer,
0.5 uM) for 24 hours. Co = solvent control. Statistical analysis was performed by one-sample f-test followed by Bonholm
post hoc test for data of the control group. Means of more than two groups were compared by one-way ANOVA with
Bonholm post hoc test (normal distribution) (1 = 6). * p < 0.05, ** p < 0.01.
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Figure S5. Effect of statin treatment on the anti-inflammatory response in macrophages. A-F. Argl (A), Mrcl (B),
Tsc22d3 (C), 1110 (D), Tgfvl (E), and Kif2 (F) mRNA expression levels in BMMs were determined by real-time RT-PCR,
normalized to Ppia, and expressed as x-fold of the respective Co. BMMs were stimulated for the last 4 hours with LPS
(100 ng/mL) or polarized towards M1 (LPS, 100 ng/mL; IFNy, 20 ng/mL), or M2 (IL4, 20 ng/mL) in the presence or
absence of simvastatin (Sim, 2 uM) or cerivastatin (Cer, 0.5 uM) for 24 hours. Co = solvent control. Statistical analysis
was performed by one-sample t-test followed by Bonholm post hoc test for data of the control group. Means of more
than two groups were compared by one-way ANOVA with Bonholm post hoc test (normal distribution) (1 = 6). * p <
0.05, ** p <0.01, and ** p <0.001.
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Figure S6. KIf2 mRNA expression. KIf2 mRNA expression in BMMs was determined by real-time RT-PCR, normalized to
Ppia, and expressed as x-fold of Co. BMMs of Gilz WT and KO BMMs were treated for 24 hours with simvastatin (Sim, 2

uM). Co = solvent control. Statistical analysis was performed by one-way ANOVA with Bonholm post hoc test (normal
distribution) (1 =4, triplicates).**p<0.01, **p < 0.001.
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Figure S7. Images shown in Figure 3A (Control) as an overlay are shown as phase contrast and red fluorescence only.
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Figure S8. Images shown in Figure 3A (Sim) as an overlay are shown as phase contrast and red fluorescence only.
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Figure S9. Images shown in Figure 3A (Cer) as an overlay are shown as phase contrast and red fluorescence only.



Results: Statins and Bempedoic Acid: Different Actions of Cholesterol Inhibitors on Macrophage Activation

9 of 12

Il Co
[_]sim
120 * [ Cer
[ Bemp

100

@
o
1

=y
o
1

Cholesterol [% of Co]
D
o
1

N
o
|

10% FCS 1% FCS

Figure S10. Cellular cholesterol content of statin-treated macrophages under standard and serum-starving conditions.
BMMs were either kept in standard medium (10% FCS) or medium containing only 1% FCS and treated for 24 hours with
simvastatin (Sim, 2 uM), cerivastatin (Cer, 0.5 uM), or bempedoic acid (25 uM). Intracellular cholesterol levels were as-
sessed using the Amplex assay (n = 2, triplicates). Co = solvent control. Statistical analysis was performed by one-way
ANOVA with Bonholm post hoc test (normal distribution). *p < 0.05.
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Figure S11. Intermediates of the mevalonate pathway inhibit NF-kb/AP-1-activity in cerivastatin-treated
macrophages. RAW-Blue™ cells were treated for 24 hours with either Sim (2 uM) or Cer (1 uM). Cells were co-treated
with mevalonate (MVA, 100 uM), farnesyl pyrophosphate (FPP, 10 uM), or geranylgeranyl pyrophosphate (GGPP, 10
uM) where indicated. Inflammatory activation was induced by treatment with LPS (100 ng/mL) for the final 4 hours. NF-
KB/AP-1 activity was determined by secreted embryonic alkaline phosphatase (SEAP) detection. Co = solvent control (n
= 4, triplicates). Statis-tical analysis was performed by one-way ANOVA with Bonholm post hoc test (normal
distribution); **p < 0.01, **p < 0.001.
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Figure S12. Cytotoxicity of statins in Nlrp3 WT and KO BMMs. BMMs were treated with simvastatin (Sim, 2 uM), ceri-
vastatin (Cer, 0.5 uM), or ATP as positive control (3 mM, 30 min). Inflammatory activation was induced by treatment with
LPS (100 ng/mL) for the final 4 hours. Cell viability was measured by MTT. Co = solvent control (1 = 4, quadruplicates).
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Figure S13. Expression of HMG-CoA reductase (Hmgcr / HVIGCR), ATP-citrate lyase (Acly / ACLY), and very-long-
chain acyl-CoA synthetase-1 (SIc27a2 / SLC27A2) in murine and human macrophages. (A) Gene expression levels in
BMMs were determined by real-time RT-PCR, normalized to Ppia, and expressed as x-fold of Hmgcr (n = 3). (B) Gene
expression in human monocyte-derived macrophages (MDMs) and alveolar macrophages (AMs) according to Gene Ex-
pression Omnibus (GEO) datasets GSE162669 and GSE162698 (n = 3). Statistical analysis was performed by one-way
ANOVA with Bonholm post hoc test (normal distribution); ** p < 0.01, *** p < 0.001 vs. Hmgcr /| HMGCR; #* p < 0.001 vs.
Acly | ACLY.



Results: Statins and Bempedoic Acid: Different Actions of Cholesterol Inhibitors on Macrophage Activation

11 of 12

A B
3,500 35
[_Jco [Jco
3,000 { I Bemp 20 I Bemp
™ 25
2 2,500 S
2 Y 20-
= 2,000k 5 15
£ 7400 3
x 04
200 % 10
== T  — S—
2_
Y [ pp— - | &
Co LPS  LPS/IFNy L4 Co LPS  LPS/IFNy L4
C D
19 3.0
[_Jco [lco
10 [ Bemp 2.5 [l Bemp
S 8- g 2.0
< 64 3 154
S 2
< 4 % 1.0
2- 0.5
ol . 00 F] .
Co LPS  LPS/IFNy L4 Co LPS  LPS/IFNy  IL4
E F
35 4.0+
- 1 [
2.0 I Bemp 3'0~-Bemp
. )
€15+ §259
=
= © 2.0+
T 2 207
2 1.0+ % 1.5
%
] 1.0
0.5
0.0 0.0
Co LPS  LPS/IFNy  IL4 Co LPS  LPS/IFNy L4

Figure S14. Effect of bempedoic acid treatment on the anti-inflammatory response in macrophages. A-F. Argl (A),
Tsc22d3 (B), 1110 (C), Mrc1 (D), Tgfb1 (E), and Kif2 (F) mRNA expression in BMMs were determined by real-time RT-PCR,
normalized to Ppia, and expressed as x-fold of Co. BMMs were stimulated for the last 4 hours with LPS (100 ng/mL) or
polarized towards M1 (LPS, 100 ng/mL; IFNy, 20 ng/mL), or M2 (IL4, 20 ng/mL) in the presence or absence of Bemp
(bempedoic acid, 25 pM) for 24 hours. Co = solvent control (1 = 6). One-sample t-test followed by Bonholm post hoc test
was used for analyzing gene expression data of the control group. Means of more than two groups were compared by

one-way ANOVA with Bonholm post hoc test (normal distribution).
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Figure S15. Bempedoic acid does not affect ERK signaling. ERK phosphorylation was examined by Western Blot analysis.
BMMs were treated with bempedoic acid (Bemp, 25 uM) for one hour. One representative blot is shown. Signal intensities
were quantified and normalized to total ERK and expressed as mean + SEM. Co = solvent control. Statistical analysis was
performed by one-sample t-test followed by Bonholm post hoc test. n.s. = not significant (n = 3).
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Figure S16. Effect of bempedoic acid treatment on the phagocytotic activity of macrophages. A-B. BMMs were
stimulated for the last 4 hours with LPS (100 ng/mL) or polarized towards M1 (LPS, 100 ng/mL; IFNy, 20 ng/mL) in the
presence or absence of bempedoic acid (Bemp, 25 uM) for 24 hours and monitored by an IncuCyte S3 system after addition
of fluorogenic pHrodo® Red S. aureus bioparticles (5 pug/well). Co = solvent control, RFU = relative fluorescence units.
Statistical analysis was performed by two-way ANOVA with Bonholm post hoc test (1 = 4, duplicates).



4.Summary and Conclusion

Generally, GILZ exerts different effects, such as inhibiting the expression of cell
adhesive molecules in endothelial cells, tolerogenic effects in dendritic cells, and
modulation of Th1l7 immune response but also mimics many anti-inflammatory
effects of glucocorticoids in diseases such as arthritis, inflammatory bowel disease,
and systemic lupus erythematosus (Jones et al., 2016; Luz-Crawford et al., 2015;
Nataraja et al., 2021). Of note, this is also in accordance with the data that GILZ
promotes an M2-like phenotype during macrophage polarization (Vago et al., 2020).
In in vivo models GILZ cured colitis and facilitated the resolution of LPS-induced
inflammation and a synthetic GILZ analog suppressed autoimmune encephalopathy
(reviewed by (Bereshchenko et al., 2019)). Those data are indicating that GILZ protein

and its analogs have therapeutic effects and are non-toxic to cells and rodents.

The regulation of GILZ is complex and addresses diverse mechanisms, such as
transcriptional and post-transcriptional mechanisms, GC’s general negative feedback
loop, and epigenetic effects (Bruscoli et al., 2010; Hahn et al., 2014; Hoppstadter et
al., 2015, 2016). In accordance with our data, He et al. identified the precursor of miR-
hsa-222 as a GILZ regulator which was able to downregulate GILZ in epithelial cells,
whereas our data showed macrophage activation via repression of GILZ protein
expression, which was facilitated by several miRNAs at once, including miR-222 (He et
al.,, 2020). In general, macrophage activation by GILZ downregulation helps the
immune response to clear pathogens but might also be detrimental to the host by an
excessive inflammatory response. Our data reveal, that the state of low-grade

inflammation during inflammaging is characterized by reduced GILZ levels.

Regarding GILZ signaling pathways it is known that GILZ cross talks with MAPK
pathway by binding Raf or Ras proteins and forkhead family transcription factors are
involved in the PI13K/Akt pathway of homeostasis of immune cells (Ayroldi et al., 2002,
2012; Hoppstadter et al., 2015). It has been shown that GILZ inhibits FoxO3 activity

and is part of the PI3K/Akt-FoxO3 signaling pathways in myeloid and lymphoid cell
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lines by the nuclear exclusion of FOXO3 (Latré de Laté et al., 2010). Our data identified
FOXO03 as a potential GILZ upstream regulator in muscle cells and its involvement in
macrophages by binding to the GILZ promotor region. Previous data described the
involvement of FOX03 in muscle homeostasis and GILZ in the anti-myogenic effects of
dexamethasone (Bruscoli et al., 2010). Our data supported this finding by determining
GILZ as an important mediator of statin-induced muscle damage linking this effect to

Akt deactivation and FOXO3 activation.

Beyond their lipid-lowering actions, statins and bempedoic acid are described in the
literature to have anti-inflammatory effects. Clinical data showed a decrease in CRP
after statin treatment and attenuation in immune-associated conditions (reviewed by
(Diamantis et al., 2017)). To date, conflicting data from statins in cell culture and
animal experiments using statins have been published. Our report showed for the first
time a systematic experimental setup for the determination of statins' effect on
macrophages in vitro depending on macrophages’ microenvironment. The data
highlight an inflammatory effect of statins on short-term activated macrophages
characterized by increased NF-kB activity in contrast to bempedoic acid. However, we
neither observed any inflammatory nor anti-inflammatory effect of statins on
macrophages after polarization towards the M1 or M2 phenotype. However, we
clearly show that statins exhibit rather an immunomodulatory effect on macrophages
than an anti-inflammatory or inflammatory effect which was later reviewed by

Sheridan et al. (Sheridan et al., 2022).

In conclusion, the data presented in this work contribute to a better understanding of
GILZ regulation and the underlying mechanisms elucidating the detrimental and
beneficial effects of GILZ as a potential therapeutic agent. Further, we identified
mechanistic aspects of statins’ pleiotropic effects including underlying molecular

mechanisms which represent an aspect of tailored statin therapy.
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Appendix

General Methods

Reagents

Cell media (RPMI1640, #R088), fetal «calf serum (FCS, #F7524),
penicillin/streptomycin  (#P433), simvastatin-lactone (#5S6196) and glutamine
(#G7513) were purchased from Sigma-Aldrich (St. Louis, MO, USA). PAN-FCS (#P040-
37500) was purchased from PAN-Biotech (Aidenbach, Germany). (R)-Mevalonic acid
lithium salt (#50838), atorvastatin calcium salt trihydrate (#PZ001), geranylgeranyl
transferase inhibitor (GGTI)-2133 (#G5294), and farnesyl transferase inhibitor (FTI)-
277 trifluoracetate salt (#F9803) were obtained from Sigma-Aldrich (St. Louis, MO,
USA). Simvastatin sodium salt (#10010345), farnesyl pyrophosphate ammonium salt
(#Cay63250), and geranylgeranyl pyrophosphate (#Cay63330) were purchased from
Cayman Chemicals (Ann Arbor, MA, USA). 5xHotFirePol EvaGreen qPCR Mix (no Rox)
(#08-25-00001) was purchased from Solis Biodyne (Tartu, Estland). Other chemicals
were obtained from either Sigma-Aldrich (St. Louis, MO, USA) or Carl Roth (Karlsruhe,

Germany) unless stated otherwise. Statin stocks were prepared in DMSO.

Cell Culture

RAW 264.7 cells (American Type Culture Collection) were cultivated in
standard medium (RPMI 1640, 10% FCS, 100 U/mL penicillin G, 100 pg/mL
streptomycin, 2 mM glutamine). The cells were maintained at 37 °C in a humidified

atmosphere of 5% CO..

BMMs were obtained from wild-type (WT) or Foxo3 knockout (KO) mice. Femurs and
tibias were flushed with standard medium (RPMI 1640, 10% PAN-FCS, 100 U/mL

penicillin G, 100 pug/mL streptomycin, 2 mM glutamine). After centrifugation (10 min,
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200x g), erythrocytes were lysed by incubation in hypotonic buffer (155 mM NH,CI, 10
mM KHCO;, 1 mM Na,EDTA) for 3 min at 37 °C. Cells were washed with PBS,
resuspended in a standard medium containing M-CSF (50 ng/mL, 30 mL per
preparation), transferred into a 75 cm? culture flask, and cultured overnight.
Fibroblast-like cells, mature mononuclear phagocytes, and other cells adhering to the
flask were discarded. Non-adherent cells were collected and cultured in a 150
cm? culture flask for another 5 to 6 days in a M-CSF-containing medium. Differentiated
cells were detached with Accutase (Sigma-Aldrich, St. Louis, MO, USA #A6964),
suspended in a standard medium supplemented with 50 ng/mL M-CSF, and seeded
into 12-well plates (5 x 10° cells/well) for RT-qPCR. The solvent control was 0.005%
DMSO.

Mice

Mice were housed in a 12:12 h light-dark cycle with food and water ad libitum.
For all experiments, C57B/6 mice of the age of 12-16 weeks were used (according to
Tierversuchsnummer 06/2018). For the RT-qPCR, we used mice in which the first
coding exon, was flanked by a loxP-frt-neo-frt cassette in intron 1 and a loxP site

(Foxo3 KO mice, The Jackson Laboratory, Bar Harbor, ME USA; #024668 Foxo3t™*¥®/]).

To elucidate the effect of simvastatin in vivo female C57B/6 mice at the age of 12-16
weeks were randomly divided into two groups (n = 10). One group was administered
orally 10 mg/kg body weight simvastatin (lactone) by oral gavage using 0.5%
methylcellulose/0.025% tween 20 as a vehicle. The sham group received the vehicle
as control. Mice were sacrificed after 24 h and aorta, heart, kidney, liver, lung, muscle,
peripheral blood leukocytes, and spleen were excised. The organs were flash-frozen

in liquid nitrogen and stored at - 80°C for further analysis.

Cytotoxicity Measurement

For the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT)
reduction assay, RAW 264.7 cells, C2C12 myoblasts, and BMMs were seeded into 96-
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well plates at a density of 10° cells/well for RAW 264.7 cells and BMMs, and
10* cells/well for C2C12 myoblasts, adhered overnight, and treated with increasing
concentrations of the test compound for 24 hours. Cells incubated with DMSO solvent
in its maximum concentration (0.5%) served as the negative control. At the end of the
treatment, C2C12 myoblasts were treated for three hours, RAW 264.7 cells for 25
minutes, and BMMs for one hour with MTT solution (0.5 mg/mL in medium) and lysed
with DMSO. Absorbance was measured at 560 nm using a microplate reader Glomax

Discover multiplate reader (Promega, Madison, WI, USA).

RNA Isolation, Reverse Transcription, and Quantitative PCR (RT-qPCR)

RNA was isolated either by Directzol® RNA Mini-Prep Plus (ZymoResearch,
Irvine, CA, USA, #R2072), by QlAzol Lysis Reagent (Qiagen, Hilden, Germany, #79306),
or by using the High Pure RNA Isolation Kit (Roche, Basel, Switzerland, #11828665001),
following the manufacturers’ instructions. RNA was reverse transcribed using the
High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific, #4368813) in
the presence of the RNase inhibitor RNaseOUT™ (Thermo Fisher Scientific,
#10777019) following the manufacturer’s instructions. qPCR was performed using the
5x HOT FIREPol EvaGreen® qPCR Mix and a total volume of 20 uL. The primer

sequences for each transcript are detailed in Table 1.

For each primer pair, an annealing temperature of 60 °C was used. The CFX96 touch™
Real-Time PCR detection system (Bio-Rad Laboratories, Hercules, CA, USA) was used
to quantify gene expression. Data were analyzed by normalization to the mentioned
housekeeping gene. The housekeeping gene was chosen after evaluating the
expression stability of at least three candidate genes under the experimental

conditions, using the geNorm, NormFinder, and BestKeeper Software tools.
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Gene Accession Forward Primer Sequence 5’- | Reverse Primer Sequence 5’-3’
Number 3’

Hmox NM_010442.2 CACATCCAAGCCGAGAATGC AGGAAGCCATCACCAGCTTAAA

Klf2 NM_008452.2 CCTTGCACATGAAGCGACAC ACTTGTCCGGCTCTGTCCTA

Ppia NM_008907.1 GCGTCTCCTTCGAGCTGTTT CACCCTGGCACATGAATCCT

Tsc22d3 | NM_010286.4 GCTGCTTGAGAAGAACTCCCA GAACTTTTCCAGTTGCTCGGG

Table 1: Primer sequences of used primers for RT-gPCR.

Luciferase Assay

The proximal Gilz promoter (a fragment located between -1938 bp upstream
and +206 bp downstream of the transcription start site) was a gift and cloned into the
pGL3 luciferase reporter vector (Promega, Madison, WI, USA) using Kpnl and Smal
according to the manufacturer’s instructions. The FOXO3 reporter vector (FHRE-Luc)
was a gift from Michael Greenberg (Addgene plasmid #1789). The phRG-TK vector
(Promega, Madison, WI, USA) provided constitutive expression of Renilla luciferase
and served as an internal control value, to which expression of the firefly luciferase
reporter gene was normalized. RAW 264.7 cells were seeded at a density of
10° cells/well into 96-well plates, co-transfected in a 1:1 ratio with the luciferase
vector and the respective reporter vector using the Lipofectamine 3000 reagent
(Thermo Fisher Scientific, Waltham, MA, USA) for 24 hours, treated as indicated, and
the lysate was harvested by the addition of 1x passive lysis buffer (Promega, Madison,
WI, USA). Luciferase activity was determined in the lysate by the addition of firefly
luciferase substrate (470 uM D-luciferin, 530 uM ATP, 270 uM coenzyme A, 33 uM
DTT, 20 uM Tricine, 2.67 uM MgS0s, 1.07 puM MgCOs, and 0.1 uM EDTA, pH 7.8) or
renilla substrate solution (0.1 M NaCl, 25 mM Tris HCI pH 7.5, 1 mM CaClz, and 0.9 uM
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coelenterazine) followed by luminescence measurement using the Glomax Discover

multiplate reader (Promega, Madison, WI, USA).
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Introduction

GILZ is known to exert an anti-inflammatory effect in macrophages and
endothelial cells and regulate macrophages’ endotoxin tolerance (Hahn et al., 2014;
Hoppstadter et al., 2015). This data is supported by the exacerbation of inflammation
in the absence of GILZ in a MyD88-dependent and -independent manner (Hoppstadter
et al., 2015).

To date, the literature shows controverse results regarding potential anti-
inflammatory effects of statins. The analyses of GEO dataset GSE 4883 in human
macrophages showed a Gilz and KIf2 induction in parallel after statin treatment
(Tuomisto et al., 2019). Similar to GILZ, KLF2 is known to mediate anti-inflammatory
and vasoprotective effects (Parmar et al., 2005). Further, it is known that besides
statins, also glucocorticoids induce KlIf2. Interestingly KIf2 and Gilz are in the same GR
cluster (Chinenov et al., 2014) and Preston et al. showed elevated GILZ levels after
KLF2 overexpression in T cells, suggesting an interaction of both proteins (Preston et
al., 2013). Thus, we were interested in the anti-inflammatory effects of statins on GILZ

and KLF2 expression in macrophages.
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Results

Effect of Bempedoic Acid on Cell Viability and Gilz expression

To evaluate the toxicity of bempedoic acid on myoblasts and macrophages
RAW 264.7 cells, C2C12 myoblasts, and BMMs were treated with increasing
concentrations of bempedoic acid. The effect was determined via MTT assay at 24
hours. Similar to the findings of statins (see manuscript in chapter 3.3 “The
Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-Induced Muscle
Damage” and in chapter 3.4 “Statins and Bempedoic Acid: Different Actions of
Cholesterol Inhibitors on Macrophage Activation”) bempedoic acid had the most toxic
effect on C2C12 myoblasts compared to macrophages RAW 264.7 cells and BMMs
(Figure S1 A). For this reason, the lowest non-toxic concentration was used to
determine the effect of bempedoic acid on Gilz expression in myoblasts and
macrophages at 24 hours. Bempedoic acid neither induced Gilz in myoblasts nor in

macrophages in a significant manner (Figure S1 B).
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Figure S1: Cell viability of different cells treated with bempedoic acid and Gilz
expression. (A) RAW 264.7, C2C12 myoblasts, and BMMs were treated with
increasing concentrations of bempedoic acid and cell viability was determined
via MTT assay. Data show the mean of three independent experiments
performed in sixtuplicates +/- SEM. (B) C2C12 myoblasts were treated for 24
hours with 12.5 uM bempedoic acid, RAW 264.7 cells for 24 hours with 25 uM
bempedoic acid, and respective DMSO control (Co). Gilz mRNA levels were
measured. mRNA expression was normalized to the housekeeping gene (Ppia)
and is presented as fold change of control. Data show the mean of 2 independent
experiments performed in replicates +/- SEM.
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Involvement of the Mevalonte Pathway in Simvastatin-Induced Gilz and Kif2

Expression

Treatment of macrophages with simvastatin revealed an induction of Gilz and
KIf2 mRNA levels. Since the inhibition of HMG-CoA by statins not only affects the
cholesterol synthesis, but also other biosynthetic pathways such as protein
prenylation. To evaluate whether isoprenoid intermediates can reverse Gilz or Klf2
induction either mevalonate, farnesylpyrophosphaste, or geranyl
geranylpyrophosphate were added to the medium. Co-treatment with all different
mediators could reverse the respective induction of Gilz and KIf2 suggesting
cholesterol-dependent and -independent pathways in macrophages (Figure S2 A) but
in contrast to myoblasts (see manuscript in chapter 3.3 “The Glucocorticoid-Induced
Leucine Zipper (GILZ) Mediates Statin-Induced Muscle Damage”). To gain further
insights into effects on the prenylation pathways specific transferase inhibitors of
either FPP or GGPP were added to the medium to mimic the effect of simvastatin on
Gilz and KIf2 expression. Treatment of RAW 264.7 cells with 10 uM FTI and GGTI

mimicked Gilz induction, while had no effect on KlIf2 expression (Figure S2 B).
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Figure S2: Involvement of the mevalonate pathway in simvastatin-induced Gilz
expression. (A) RAW 264.7 cells were treated with vehicle (Co) or simvastatin (2 uM
Sim) and co-treated with either mevalonate (100 uM MVA), farnesylpyrophosphate
(10 uM FFP) or geranylgeranylpyrophosphate (10 uM GGPP) for 24 hours. (B) RAW
264.7 cells were treated either with simvastatin (2 uM Sim), farnesyltransferase
inhibitor (10 uM FTI), or geranylgeranyltransferase inhibitor (10 uM GGTI) for 24
hours. Data show the mean of three independent experiments performed in
sixtuplicates +/- SEM and normalized to the respective control. Statistical analysis
was performed as one-way ANOVA with Bonholm posthoc in comparison to the
control (indicated by line and asterisks) or in comparison to simvastatin treatment
(just asterisks) in (A) and in comparison to control in (B). ** p < 0.01, *** p < 0.001.
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Involvement of FOXO3 in Simvastatin-Induced Gilz Expression

FoxO3 is described as a transcription factor of muscle homeostasis (Sanchez et
al., 2014). Statin-induced Gilz expression was mediated by FOXO3 activation in C2C12
myoblasts (see manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper
(GILZ) Mediates Statin-Induced Muscle Damage”). Thus, we supposed FoxO3 as an
upstream regulator of Gilz induction in macrophages and treated BMMs with either
control or simvastatin for 24 hours. In FoxO3 KO animals simvastatin-induced Gilz
upregulation was significantly lower than in der WT counterparts identifying FoxO3

partially as an upstream regulator of Gilz (Figure S3).
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Figure S3: Involvement of FoxO3 in simvastatin-induced Gilz expression. BMM
cells of either wildtype (WT) or FoxO3 knockout (KO) animals were treated with
vehicle (Co) or simvastatin (2 uM Sim) for 24 hours. Data show the mean of three
independent experiments performed in sixtuplicates +/- SEM normalized to the
respective control. Statistical analysis was performed as one-way ANOVA with

Bonholm posthoc. *** p < 0.001.

XX




Appendix: Results

Involvement of Gilz Promoter Region in Statin-Induced Gilz Expression

To determine the Gilz promoter region which is involved in statin-induced Gilz
expression we transfected RAW 264.7 cells by either GILZ or by forkhead responsive
element (FHRE) promoter following statin-treatment. Results of the reporter gene
assay showed that FHRE is involved in simvastatin-induced Gilz expression in
macrophages (Figure S4). In contrast, the effect could not be confirmed in

atorvastatin-treated cells.
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Figure S4: Gilz promoter (and FHRE promoter as a part of the GILZ promoter)
region is involved in simvastatin-induced Gilz expression. Reporter gene assay in
RAW 264.7 cells transfected with either GILZ or FHRE promoter reporter plasmid
and treated with either vehicle (Co) or statin (2 uM simvastatin = Sim; 5 puM
atorvastatin = Ator) for 24 hours. Luciferase activity was normalized to the vehicle-
treated control. Data show the mean of three independent experiments performed
in sixtuplicates +/- SEM. Statistical analysis was performed as Mann-Whitney test.
**p<0.01.
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Effect of Simvastatin on Gilz and Hmox Expression in vivo

Heme oxygenase-1 (HO-1) is supposed to mediate anti-inflammatory actions
and is induced by statins in various tissues in vivo and might mediate statins’
pleiotropic effects (Hsu et al., 2006). Thus, we treated mice with simvastatin by oral
gavage, harvested respective tissues, and measured mRNA levels of Gilz and Hmox.
Data showed no differences in Gilz and Hmox levels after simvastatin treatment
compared to their vehicle-treated counterparts in heart, kidney, liver, lung, muscle,
and PBLs. Slightly increased Hmox levels were observed in spleen and significantly

decreased Gilz levels were observed in heart tissue (Figure S5).
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Figure S5: Effect of simvastatin treatment in vivo. Mice were administered orally
10 mg/kg body weight simvastatin (Sim) or vehicle (Co) by oral gavage. After 24 h,
mice were sacrificed and transcript levels of Gilz (A) (gene name: Tsc22d3) and
Hmox (B) (gene name: Hmox1) were measured and quantified by normalization to
the housekeeping gene Csnk2a2. Co = 0.5% methylcellulose/0.025% tween 20
vehicle. Data show the mean of n = 10 (each group) measured in triplicates +/-SEM.
Statistical analysis was performed as one sample t-test of untreated vs. treated
sample for each organ. * p < 0.05, ** p < 0.01.
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Discussion

Statins have a sufficient risk-safety profile and are effective cholesterol-
lowering agents in the therapy of CVDs. Besides their lipid-lowering actions, they exert
SAMS as well as desired pleiotropic effects. Due to the huge importance in reducing
CVD morbidity and mortality rates, they have become indispensable therapeutics.
Understanding the molecular mechanisms behind pleiotropic effects is of interest to
improve their therapeutical profile and tailoring their application. The recently
registered bempedoic acid addresses the same metabolic pathway as statins,
however, without myotoxic effects. The first clinical reports show anti-inflammatory
actions; thus, one might speculate that bempedoic acid exerts similar pleiotropic
interactions. In the present studies, we identified GILZ as a statin-induced mediator in
muscle cells in vitro, ex vivo, and in vivo as well as in macrophages in vitro, but not in
vivo (see manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper (GILZ)
Mediates Statin-Induced Muscle Damage” and in chapter 3.4 “Statins and Bempedoic
Acid: Different Actions of Cholesterol Inhibitors on Macrophage Activation” and Figure
S5). Of note, bempedoic acid was not capable to induce Gilz in any of the investigated

cell models (Figure S1).

Our data pointed towards different underlying molecular mechanisms regarding the
affected isoprenylated proteins, namely on GGPP in the muscle, and FPP and GGPP in
macrophages (see manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine
Zipper (GILZ) Mediates Statin-Induced Muscle Damage” and Figure S2). In accordance
with literature and data published in muscle cell experiments, simvastatin-induced
upregulation of Gilz is partially dependent on Fox03 as indicated by an abolished Gilz
upregulation in FoxO3 KO animals in contrast to their WT counterparts (see
manuscript in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates
Statin-Induced Muscle Damage” and Figure S3). The involvement of the forkhead
responsive element (FHRE) as part of the Gilz promoter and its respective binding
partner FoxO3 -involved in muscle as well as innate immune homeostasis- could be
identified as part of the statin-induced Gilz-upregulation (Figure S3 and S4) (Asselin-
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Labat et al., 2004; Bouzeyen et al., 2019; Sanchez et al., 2014). Of note, potential
upstream regulation of Gilz might be due to simvastatin-induced GC transactivation
(Yang et al., 2014). We could identify the involvement of the Akt pathway in the statin-
induced GILZ-induction and its myogenic impairment in muscle development and
myotoxicity and ERK activation after statin-treatment in macrophages (see manuscript
in chapter 3.3 “The Glucocorticoid-Induced Leucine Zipper (GILZ) Mediates Statin-
Induced Muscle Damage” and in chapter 3.4 “Statins and Bempedoic Acid: Different
Actions of Cholesterol Inhibitors on Macrophage Activation”). However, potential
downstream effectors of GILZ in its anti-inflammatory context could not be identified

and, thus, remain to be investigated.
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