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Zusammenfassung

Diese Doktorarbeit untersucht die vielschichtige Rolle des glucocorticoid-induced leucine zipper-Proteins (GILZ)
in der Makrophagenbiologie und dessen mdgliche therapeutische Anwendung bei entziindlichen Erkrankungen
durch die Verwendung von GILZ-knockout- und GILZ-transgenen Makrophagen. Die Untersuchung der
Auswirkungen von GILZ auf entziindliche Prozesse konzentriert sich speziell auf Entziindungen, die durch hohen
Salzkonsum und die trainierte angeborene Immunitét hervorgerufen werden. Der hohe Salzkonsum, der in
modernen Erndhrungsweisen verbreitet ist, steht in enger Verbindung mit kardiovaskuldren Risiken und
entziindlichen Erkrankungen. Die trainierte angeborene Immunitit stellt einen neuen Rahmen fiir das Versténdnis
der Rolle von (patho-)physiologischen Entziindungen dar. Kapitel 1 zeigt, dass GILZ die Funktionen von
Makrophagen hin zu einer Bereinigung der Entziindung verbessert, indem es die Abwehr von Bakterien und die
Phagozytose verbessert, vor Pyroptose schiitzt und die mitochondrialen Aktivitdten moduliert. Diese Ergebnisse
legen potenzielle therapeutische Anwendungen von GILZ zur Behandlung von entziindlichen Erkrankungen nahe.
In Kapitel 2 wird die Interaktion zwischen GILZ und hohen Natriumkonzentrationen untersucht, wobei sich
herausstellt, dass GILZ nur marginal Einfluss auf die Reaktionen von Makrophagen auf erhdhte Salzspiegel hat.
Kapitel 3 untersucht die Rolle von GILZ in der trainierten angeborenen Immunitit von Makrophagen und deutet
unter unseren experimentellen Bedingungen auf kaum Einflussnahme hin, wobei die direkte Beteiligung von GILZ
noch vollstindig aufgekliart werden muss. Insgesamt triagt diese Arbeit dazu bei, unser Verstindnis von GILZ als
entscheidendem Regulator bei der von Makrophagen vermittelten Entziindung zu vertiefen und betont dessen
potenzielle therapeutische Anwendungen bei immunbezogenen Stérungen.

Abstract

This doctoral thesis explores the multifaceted role of glucocorticoid-induced leucine zipper (GILZ) in macrophage
biology and its therapeutic implications for immune-related disorders, utilizing GILZ knockout and GILZ
transgenic macrophages. The investigation of GILZ's effects on inflammatory processes specifically focuses on
inflammation induced by high salt intake and trained immunity. High salt intake, prevalent in modern diets, is
intricately linked to cardiovascular health risks and inflammatory diseases. Trained immunity emerges as a novel
framework for understanding the role of inflammation in health and disease. Chapter 1 investigates how GILZ
enhances macrophage functions, emphasizing its enhancement of phagocytosis, protection against pyroptosis, and
modulation of mitochondrial activity. These findings suggest potential therapeutic applications of GILZ in
managing inflammatory diseases. In Chapter 2, the interaction between GILZ and high sodium conditions is
examined, revealing minimal impact on macrophage responses to elevated salt levels. Chapter 3 explores GILZ's
role in trained innate immunity of macrophages, suggesting limited influence under our experimental conditions,
although GILZ’s direct involvement remains to be fully elucidated. Overall, this thesis advances our understanding
of GILZ as a critical regulator in macrophage-mediated inflammation, underscoring its potential therapeutic
applications in immune-related disorders.

All experiments were performed at the Department of Pharmacy, Pharmaceutical Biology, Saarland University in
Saarbriicken, Germany, and at McGill International TB Centre, Meakins-Christie Laboratories, McGill University
in Montréal, Canada.
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Chapter 1 Immunomodulation by Glucocorticoid-Induced Leucine
Zipper (GILZ) in Macrophages: Enhanced Phagocytosis, Protection from
Pyroptosis, and Altered Mitochondrial Function

1.1 Published work in this dissertation

This chapter addresses the general characterization of glucocorticoid-induced leucine zipper (GILZ) by
investigating gene expression in GILZ knockout (KO) and GILZ-overexpressing (TG) bone marrow-derived
macrophages (BMMs) through bulk RNA sequencing and functional assays. GILZ is well-documented in the
literature for its anti-inflammatory and immunosuppressive effects, acting as a downstream mediator of
glucocorticoids and influencing various immune cell functions. It has been shown to regulate T cell activity, B cell
function, and macrophage responses, making it a critical player in the immune system.

We found that GILZ plays a crucial role in modulating macrophage functions, including enhancing phagocytosis
and antibacterial activity, providing protection from pyroptosis by modulating reactive oxygen species (ROS)
production, altering mitochondrial function, and increasing matrix metalloproteinase activity, suggesting its
involvement in tissue remodeling processes.

These findings underscore the therapeutic potential of GILZ in managing inflammatory and autoimmune diseases,
aligning with its identified role as a mediator of glucocorticoid effects and its promise in therapeutic applications
for conditions like inflammatory bowel disease (IBD), rheumatoid arthritis, and sepsis. Understanding GILZ's
regulatory effects in macrophages could pave the way for novel treatments targeting macrophage-mediated
inflammation.

The work in this project has been published in Frontiers in Immunology under this reference and is included in the
PhD thesis:

Thierry M Legroux, Hanna S Schymik, Gilles Gasparoni, Saced Mohammadi, Jorn Walter, Claude Libert, Britta
Diesel, Jessica Hoppstédter and Alexandra K. Kiemer (2024):

Immunomodulation by glucocorticoid-induced leucine zipper in macrophages: enhanced phagocytosis, protection
from pyroptosis, and altered mitochondrial function.

Frontiers in Immunology 15:1396827.

doi: 10.3389/fimmu.2024.1396827
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Legroux et al.

1 Introduction

For over 60 years, glucocorticoids (GCs) have been a
cornerstone in therapeutic strategies for their potent anti-
inflammatory and immunosuppressive effects, addressing a
spectrum of conditions such as rheumatic diseases, inflammatory
bowel disease (IBD), autoimmune disorders, chronic inflammatory
diseases, asthma, and cancer (1). Despite the emergence of more
targeted biological therapies, GCs persist as widely utilized agents.
In autoimmune and chronic inflammatory conditions, they are
favored for providing symptomatic relief (2), and in the case of IBD,
they serve as a fundamental treatment for moderate-to-severe cases
(3). Additionally, in the oncological context, GCs play a pivotal role
in managing cancer-related symptoms and addressing side effects of
anti-cancer therapies and immune-related adverse events (4).

The use of GC therapy, despite its efficacy in mitigating
inflammation and immune activation, is often constrained by a
spectrum of side effects, frequently restricting its long-term
application. These include musculoskeletal, gastrointestinal,
cardiovascular, endocrine, neuropsychiatric, dermatologic, ocular,
and immunologic issues (5). Of particular concern are the metabolic
side effects, such as central adiposity, dyslipidemia, insulin
resistance, and glucose intolerance, which can lead to diabetes (6).
Other common side effects include weight gain, skin thinning, sleep
disturbance, and neuropsychiatric disorders (7).

To optimize the benefits of GC therapy while minimizing
adverse effects, several strategies are being explored. Metformin is
being investigated as a promising drug for preventing metabolic
side effects during systemic GC treatment (8). Targeted delivery of
GCs to diseased tissues using antibody-glucocorticoid conjugates is
being explored as a therapeutic alternative to overcome systemic
side effects (9). In addition, the development of selective dimerizing
GC-receptor agonists or modulators (SEDIGRAMs) aims to
capitalize on specificities within the GC signaling pathway,
potentially mitigating systemic side effects associated with
monomeric activity (10).

GCs exert their actions on cells through a variety of
mechanisms, including genomic and non-genomic pathways,
tissue-specific effects, and interactions with other signaling
pathways (11). Upon binding to the glucocorticoid receptor (GR)
in the cytoplasm, the classical mechanism involves the hormone
receptor complex modulating gene expression either positively or
negatively by directly binding to GREs located in the promoter
regions of target genes (12). The GR exhibits ubiquitous expression
across cell types, thereby influencing the functionality of practically
all immune cells (13). Approximately 20-30% of genes are deemed
responsive to the GR, with the glucocorticoid-induced leucine
zipper (GILZ, gene name TSC22D3) being among the earliest
targets of GR, making it a promising GC-induced downstream
effector molecule (10, 14, 15).

GILZ has been identified as a key mediator of the anti-
inflammatory and immunosuppressive effects of GCs (16). GILZ
is strongly upregulated by GCs and plays a crucial role in
controlling major activities of T cells (17), B cells (18), MSCs
(19), neutrophils (20), and macrophages (21).
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Shortly following the characterization of GILZ in immune cells,
the consideration of its therapeutic application emerged (22).
Selective upregulation of GILZ and the use of recombinant GILZ
protein have emerged as promising therapeutic approaches in
diseases like inflammatory bowel disease (IBD), rheumatoid
arthritis, psoriasis, sepsis, and diabetic retinopathy (2, 23-28).
Leveraging its anti-inflammatory properties, GILZ holds the
potential for therapeutic interventions in these conditions.

In macrophages, GILZ has been implicated in mediating typical
GC effects, such as the regulation of macrophage activation (29).
GCs aside, GILZ has demonstrated beneficial properties in
combating inflammatory diseases. Transgenic mice that
overexpress GILZ have been found to be more resistant to spinal
cord injury, while GILZ knockout mice develop worse
inflammatory conditions (30, 31). Furthermore, studies have
demonstrated that selective GILZ overexpression in macrophages
improves outcomes in septic animals by limiting systemic
inflammation while increasing bacterial clearance (32, 33). The
administration of a cell-permeable GILZ fusion protein (TAT-
GILZ) facilitated the accelerated resolution of bacteria-induced
pneumonia and peritonitis in mice, further underscoring the
therapeutic potential of GILZ in modulating macrophage-
mediated inflammation (34, 35).

Understanding the role of GILZ in macrophages and its
potential therapeutic applications is crucial for advancing
precision medicine in inflammatory disorders. In this context, our
study employs RNA sequencing to investigate gene expression in
GILZ knockout (KO) and GILZ-overexpressing (TG) macrophages
(murine bone marrow-derived macrophages, BMMs), aiming to
uncover the molecular mechanisms underlying GILZ-mediated
effects and its therapeutic potential.

Here, we provide evidence for the immunomodulatory effects of
GILZ overexpression in macrophages, demonstrating enhanced
antibacterial activity, protection from pyroptosis, and altered
mitochondrial function. Additionally, our findings reveal a
significant impact on Matrix metalloproteinase (MMP) activity,
suggesting a role for GILZ in influencing extracellular matrix
remodeling and wound healing processes.

2 Materials and methods
2.1 Materials

RPMI-1640 cell culture media (#R0833), 200 mM L-glutamine
(#G7513), 1% penicillin/streptomycin (#P4333), Accutase (#A6964),
mitomycin C (#10107409001), antimycin A from Streptomyces sp.
(#A8674), gentamicin (#G1397), dihydroethidium (DHE) (#37291),
and gelatin type A (#G1890) were from Sigma-Aldrich. FBS (#P040-
37500) and Panexin BMM Serum Substitute (#P04-951SA2) were
obtained from PAN Biotech. Ultrapure lipopolysaccharide (LPS)
from E. coli K12 (#tlrl-peklps), and ATP (#tlrl-atpl) were purchased
from Invivogen. TE buffer (#A0386.1000), and DMSO (#A3672-
0250) were from AppliChem, M-CSF (#130-101-705) from Miltenyi
Biotech, and mouse recombinant IFN-y (#87389.100) from Biomol.
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Primers for qRT-PCR were purchased from Eurofins Genomics.
Other chemicals were obtained from either Sigma-Aldrich or Carl
Roth unless stated otherwise.

2.2 Mice

Animal housing and all experimental procedures were approved
by the local animal welfare committee (AZ 2.4.1.1). C57BL/6] mice
were housed in individually ventilated cages in a temperature and
humidity-controlled room (22-24°C, 45-65 relative humidity) and a
12 h light/dark cycle. Water and food were provided ad libitum. Mice
were age and sex-matched within experimental sets. B6.129P2-
Lyz2"™ /) mice with Cre recombinase expression under the
endogenous Lyz2 promotor of the myeloid cell lineage were
considered wild-type (WT). Crossing these animals with mice
bearing loxP sites up and downstream of Gilz exon 6 resulted in a
myeloid-specific knockout of GILZ (B6.129P2-Tsc22d3"" Lyz2"™ ()
o/ GILZ KO). Both strains were described previously (36). In
addition, mice bearing a T'sc22d3/Gilz-1 cDNA knock-in under the
control of the ROSA26 promoter preceded by a loxP-flanked stop
cassette (37) were crossed with B6‘129P2—Ly22tm1(°rem°/l mice,
resulting in myeloid-specific GILZ overexpression. These animals
(BL6Tsc22d3 020 EGHPe ypptml(erdlloygy are designated as GILZ-
overexpressing or transgenic (GILZ TG).

2.3 Cell culture conditions

Cells were cultured in a humidified incubator at 37°C and 5%
CO; in RPMI-1640 cell culture media supplemented with 10% FBS,
1% 200 mM L-glutamine, and 100 units/ml penicillin/streptomycin
(P/S) unless stated otherwise.

2.4 Generation and treatment of BMMs

BMMs were obtained from 10- to 23-week-old mice as
described previously (38). Mice were sacrificed, and femurs and
tibias were removed. The bone marrow was flushed out with cell
culture medium using a 27G cannula and passed through a 100 pm
cell strainer before erythrocyte lysis in hypotonic buffer (155 mM
NH,CL, 10 mM KHCO3, 1 mM Na,EDTA) at 37°C for 3 min. Cells
were either resuspended in FBS with 10% DMSO for
cryopreservation or kept in cell culture medium supplemented
with M-CSF (50 ng/ml) for differentiation to BMMs (BMM
medium). Cryopreserved cells were cooled to -80°C using the
MrFrostyTM device (Thermo Scientific, #5100-0001) and
transferred into liquid nitrogen for long-term storage. Bone
marrow cells were incubated overnight in 30 ml of BMM
medium in a T75 flask. On the next day, non-adherent cells were
transferred to a fresh cell culture flask and incubated for 5 more
days in 45 ml of BMM medium in a T175 flask. Subsequently, cells
were washed once with PBS, detached with Accutase, and counted
using the LUNA-FL™ Automated Fluorescence Cell Counter
(Logos Biosystems) with Acridine Orange/Propidium Iodide
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staining according to the manufacturer’s protocol. The viable cell
count was used to calculate seeding densities. All cell preparations
had a viability of at least 95%. The identity of BMMs was verified by
flow cytometric analysis using F4/80 as a macrophage marker, with
purity levels > 95% (38, 39). Approximately 20-30 million
differentiated BMMs were obtained per mouse. BMMs were
seeded and treated in BMM medium according to the specified
conditions for each assay.

BMM-conditioned media for migration and proliferation assays
were generated by incubating 10° BMMs in a 6-well format with
3 ml per well of BMM medium for 24 h starting at the time of
seeding. To assess MMP activity, 75,000 BMMs were incubated in a
96-well format with 150 ul of BMM media containing Panexin
BMM serum substitute (PAN Biotech, #P04-951SA2) instead of
FBS for 24 h, starting at the time of seeding.

2.5 RNA sequencing

For transcriptome analysis of BMMs from WT, GILZ KO, and
GILZ TG mice, next-generation sequencing (NGS) was performed as
described previously (40). 500,000 BMMs (1 ml/well) were seeded in
a 12-well plate and treated for 4 h with LPS (100 ng/ml) on the next
day. RNA was isolated using the High Pure RNA Isolation Kit
(Roche, #11828665001) according to the manufacturer’s protocol
and stored at -80°C. All RNA samples used for further analysis had an
RNA integrity number > 9 according to the analysis in a 2100
Bioanalyzer (Agilent) using the RNA 6000 Nano Kit (Agilent, #5067
1513). Libraries were prepared from 500 ng RNA. Poly(A)
enrichment was performed on the input total RNA using the
NEBNext Poly(A) mRNA Magnetic Isolation Module (New
England Biolabs, #E7490) according to the manufacturer’s
instructions. The ¢cDNA library preparation was conducted with
the NEBNext Ultra Directional RNA Library Prep Kit for
Illumina (New England Biolabs, #E7420) as recommended by the
supplier. In brief, first- and second-strand cDNA synthesis was
performed, followed by adapter ligation and PCR amplification of
the final library (12 cycles). PCR cleanup was performed using
Agencourt AM-Pure XP beads (Beckmann Coulter, #A63881).
Libraries were sequenced for 1x 75 nt on a NextSeq500
(Ilumina) sequencer.

2.6 RNA-seq data processing and analysis

Raw reads were demultiplexed and subjected to quality control
through FastQC v0.11.2. Read processing was performed with
grape-nf pipeline (v1.1.3) using Nextflow (v20.10.0) and mapped
to GRC38mm10 assembly. The counts obtained after alignment
were used to analyze differential expression using DESeq2 v1.40.2.
Principle component analysis was performed using the CPM values
of all annotated protein-coding genes. All analyses were conducted
in the R programming language. DESeq2 analysis revealed
differentially expressed genes (DEGs, p < 0.05) in the
comparisons of GILZ KO vs. WT, GILZ TG vs. WT, and GILZ
KO vs. GILZ TG under both untreated and LPS-treated conditions.
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Subsequently, TPM values of the DEGs from all three contrasts
were subjected to k-Means unsupervised clustering using iDEP 1.12,
independently for untreated and LPS-treated cells (41). Processed
and raw data were deposited in the Gene Expression Omnibus
(GEO) database under the accession code GSE254137.

2.7 pHrodo™ phagocytosis assay

50,000 BMMs (150 pl/well) were seeded into a 96-well plate and
incubated overnight. pHrodoTM Red S. aureus BioparticlesTM
(Thermo Scientific, #A10010) were suspended in PBS and treated
in an ultrasonic water bath for 15 min at 37°C according to the
manufacturer’s protocol before adding 5 pl of a 1 pg/pl dilution to
each well. Real-time imaging was started immediately in the
Incucyte® S3 Live-Cell Analysis System (Essen BioScience) in the
brightfield and red fluorescence channel (10x objective lens, 400 ms
acquisition time). The phagocytic capacity was calculated as the
total red object integrated intensity (RCU x pm?*/Image) normalized
to cell confluency [%] at the start of the assay as described
previously (42).

2.8 Salmonella enterica and Escherichia
coli infection assay

Salmonella enterica subsp. enterica serotype Typhimurium
(NCTC® 12023) (43) and Escherichia coli TOP10 (Invitrogen' ")
were cultured overnight in LB at 37°C in an orbital shaker. Bacteria
were washed once in PBS and resuspended in BMM media without
P/S supplementation to infect BMMs at a multiplicity of infection
(MOI) of 20 with S. typhimurium and an MOI of 100 with E. coli.
Bacterial cell count was determined by ODgpo measurement
assuming that an ODgg of 1 equates to 10° colony-forming units
(CFU). BMMs were seeded the day before in a 24-well plate
(250,000 cells/well, 0.5 ml). Infection was synchronized by
centrifuging for 5 min at 300 x ¢ and maintained for 30 min.
After the infection, BMMs were washed twice with PBS and
cultured in cell culture media containing 100 pg/ml gentamicin
for 90 min to kill extracellular bacteria, after which the gentamicin
concentration was reduced to 10 ug/ml. BMMs were lysed in 1%
Triton-X 100 after a total incubation time of 3 h for E. coli and 6 h
for S. typhimurium. Lysis was stopped by adding LB media. The
bacterial load of the infected BMMs was determined by serially
diluting the lysates in PBS and plating them out on LB agar as
described previously (44). Plates were incubated for 24 h at 37°C
and CFUs were counted using Image] (Version 1.53k) (45).

2.9 Griess assay

Nitric oxide (NO) production was assessed by Griess assay as
previously described (42). BMMs were seeded the day before in a 24-
well plate (250,000 cells/well, 0.5 ml). On the next day, cells were
treated with LPS (100 ng/ml) and IFN-y (25 ng/ml) for 24 h before
100 pl of supernatant was incubated for 10 min at room temperature
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with 90 pl 1% sulfanilamide in 5% phosphoric acid, then 90 pl 1% N-
1-naphthylethylenediamine dihydrochloride (NED) was added and
incubated for 5 min until absorbance was measured at A = 560 nm in
a GloMax® Discover Microplate Reader (Promega). Absolute
concentrations were determined by measuring a NaNO, standard
curve in parallel for each assay. Data were normalized to protein
contents measured by the Pierce' " BCA Protein Assay Kit according
to the manufacturer’s protocol (Thermo Scientific, #23227).

2.10 RNA isolation, reverse transcription,
and gRT-PCR

Cells were infected with S. typhimurium as described above and
subsequently stored at -80°C until RNA was isolated using the High
Pure RNA Isolation Kit (Roche, #11828665001) or the Direct-Zol
RNA Miniprep Kit (ZymoResearch, #R2052) according to the
manufacturer’s protocol. Reverse Transcription was performed
using the High-Capacity cDNA Kit (Thermo Scientific, #4368813)
according to the manufacturer’s protocol using 300-500 ng of RNA
per reaction. RT products were diluted in TE buffer. qRT-PCR
reactions were performed in technical duplicates or triplicates using
HOT FIREPol EvaGreen qPCR Mix Plus (no ROX) (Solis Biodyne,
#082500020) according to the manufacturer’s protocol as described
previously (40, 46). The QRT-PCR reaction comprised 15 min at 95°C
and 40 cycles of 15 s at 95°C, 20 s at 60°C, and 20 s at 72°C.
Quantification was achieved by the 2**“Y method. The primer
sequences are depicted in Table 1.

2.11 Real-time caspase-3/7 activity and
cytotoxicity detection

50,000 BMMs (150 pl/well) were seeded in 96-well plates and
incubated overnight. To induce pyroptosis, cells were treated for
4 h with LPS (100 ng/ml) and subsequently with ATP (2 mM).
Real-time imaging was started immediately after LPS treatment
using the Incucyte® S3 Live-Cell Analysis System (Essen
BioScience) in brightfield, red, and green fluorescence channels
(10x objective lens, 300 ms acquisition time for the green channel
and 400 ms for the red channel). Culture media was supplemented
with 4 uM CellEvent™ Caspase-3/7 Green Detection Reagent
(Invitrogen, #C10723) and 0.25 uM Incucyte® Cytotox Red
Reagent (Essen BioScience, #4632) as described previously (47).
Total red and green object integrated intensities (RCU x pm?/
Image) was normalized to the initial cell confluency [%] in each
well. Background fluorescence at the beginning of the assay was
uniformly set to 0 for all wells. Spectral unmixing was set to 1.5%
removal of red signal from green as recommended by
the manufacturer.

2.12 ELISA

500,000 BMMs (1 ml/well) were seeded in 12-well plates and
incubated overnight. Cells were treated for 4 h with LPS (100 ng/ml)
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TABLE 1 Primer sequences for qRT-PCR reactions.

Gene Transcript RefSeq (NCBI)
Argl NM_007482.3
Arg2 NM_009705.3
Nos2 NM_010927.3
Ppia NM_008907.1

and subsequently for 30 min with ATP (2 mM) before supernatants
were stored at -80°C. IL-1P secretion was measured by ELISA
(BioLegend #432604) according to the manufacturer’s protocol.
Supernatants were diluted 1:25 in ELISA assay diluent.

2.13 Detection of reactive oxygen species

50,000 BMMs (150 pl/well) were seeded in 96-well plates and
incubated overnight. Cells were treated for 4 h with LPS (100 ng/
ml). Then, culture medium was exchanged to medium containing
ATP (2 mM) and 10 pM dihydroethidium (DHE). Real-time
imaging was started immediately in the Incucyte® S3 Live-Cell
Analysis System (Essen BioScience) in the brightfield and red
fluorescence channels (10x objective lens, 400 ms acquisition
time) upon ATP treatment. Total ROS production was
determined as the total red object integrated intensity (RCU x
um?/Image) after 30 min normalized to cell confluency [%] at the
start of the assay. For the detection of mitochondrial ROS
production, cells were incubated with 5 uM red MitoSOX ™
mitochondrial superoxide indicator (Invitrogen, #M36008) in PBS
with 2% FCS. ATP (2 mM) or antimycin A (AA, 10 pM) were added
as indicated.

2.14 Agilent Seahorse XF Cell Mito Stress
and Glycolysis Stress Test

50,000 BMMs (150 pl/well) were seeded in Seahorse 96-well cell
culture plates (Agilent, #103793-100) the day before the assay. Cells
were left untreated or treated for 4 h with LPS (100 ng/ml). The
Mito Stress Test (Agilent, #103015-100) and Glycolysis Stress Test
(Agilent, #103020-100) were performed according to the
recommendations in the manufacturer’s protocol in a Seahorse
XFe96 Analyzer (Agilent). OCR and ECAR measurements were
normalized to cell count as determined in a Cytation 1 Cell Imaging
Reader (BioTek) from brightfield images taken after the assay using
the Gen5 software (Version 3.14) as described previously (47).

2.15 Quantification of mitochondrial DNA
copy humber

Mitochondrial DNA (mtDNA) copy number was determined

following the protocol by Quiros et al. (48). Briefly, DNA was
extracted from 250,000 BMMs cultured in 0.5 ml of BMM media
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Reverse sequence (5'—3’)

ACAAGACAGGGCTCCTTTCAG GGCTTATGGTTACCCTCCCG
ATCCCCTCCCTGCCAATCAT CTAGCTTCTTCTGTCCCCGA
CTTCCTGGACATTACGACCC TACTCTGAGGGCTGACACAA
GCGTCTCCTTCGAGCTGTTT CACCCTGGCACATGAATCCT

per well (12-well plate) using the DNA Mini Prep Plus kit
(ZymoResearch, #D4069) as per the manufacturer’s instructions.
Subsequently, qRT-PCR was employed to measure the gene
expressions of mt16S, mtNDI, and Hk2, utilizing primer
sequences adapted from the referenced publication. The
mitochondrial DNA (mtDNA) copy number was calculated as the
ratio between mtDNA content (mean expression of mt16S and
mtNDI) and nuclear DNA (nDNA) represented by Hk2 expression.

2.16 Flow cytometry

10° BMMs (2 ml/well) were seeded in 6-well plates. On the next
day, cells were detached by gently scraping the wells with a cell
scraper (TPP®), resuspended in 2% FCS-containing PBS, stained
for 45 min at 37°C with 0.1 uM MitoTracker Green FM and Deep
Red FM (Invitrogen, #M22426 and #M7514 respectively), and
washed with 2% FCS-containing PBS. Flow cytometry
measurements were performed using an LSRFortessa' "~ (BD
Biosciences) operated by FACS Diva 8.0.1 (BD Biosciences). In
each measurement, at least 50,000 events were recorded. MFI of
unstained control cells was subtracted from corresponding stained
cells, and background-subtracted MFI values for WT cells were set
as 100%. The pseudocolor plots were generated utilizing FlowJo
10.10.0 software.

2.17 Cell migration and proliferation assays

Cell migration and proliferation capacity were measured using
the Incucyte® S3 Live-Cell Analysis System (Essen BioScience) as
described previously (47, 49).

To assess migration capacity, 1L929 cells (ATCC: CCL-1"™) were
seeded (50,000 cells per well in 100 ul medium) in 96-well
ImageLockTM plates (Essen BioScience, #BA-04856) and grown to
full confluency overnight. Cells were cultured as described above.
On the next day, cells were treated for 2 h with 5 ug/ml mitomycin
C and washed with PBS before every well was scratched uniformly
using the WoundMaker ™' (Essen BioScience). Detached cells were
washed away with PBS before BMM-conditioned media were added
to the cells (100 pl/well). Plates were immediately placed into the
Incucyte® S3 Live-Cell Analysis System (Essen BioScience) and
imaged for relative wound closure [%] at indicated time points.

To assess proliferation capacity, L929 cells were seeded (5,000
cells/well, 100 pl) and incubated overnight. On the next day, the
medium was replaced by BMM-conditioned medium (100 pl/well).
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Cell confluency was measured over time in the Incucyte® S3 Live-
Cell Analysis System (Essen BioScience) and normalized to starting
confluency in each well.

2.18 Gelatin zymography

MMP activity was measured as previously described (50). In
brief, BMM-conditioned media were loaded onto a 10% SDS-
acrylamide gel containing 1 mg/ml gelatin and electrophoresis
was performed. Gels were washed in 2.5% Triton-X 100 to
remove SDS and after a 72-hour incubation at 37°C in a buffer
conducive to enzyme activity (50 mM Tris, 5 mM CaCl, and 0.02%
Brij-35), the gel was stained with Coomassie solution. After brief
incubation in destaining solution, specific MMP activity, indicating
gelatin degradation as clear bands on a dark background, was
assessed based on their molecular weights. Conditioned media
from each individual biological replicate was measured in
technical duplicates. Gels were scanned with an Odyssey® CLx
Infrared Imaging System (LI-COR Biosciences) and inverted to
enhance visibility, presenting bands in black against a white
background. Signals were quantified using the Odyssey® Image
Studio software (Version 5.2).

2.19 Data representation and statistics

Visualization, advanced analysis, and all statistical tests were
performed in Origin Lab 2018b. Data are presented as means *
standard error of the mean (bars). Each dot within the bar graphs
represents one independent cell preparation. The mean of two
groups was tested for statistical significance using the Mann-
Whitney U-test. Statistical significance across all genotypes (mean
of 3 groups) was assessed through one-way ANOVA (for single
time point comparisons) and two-way ANOVA (for multiple time
points) both followed by Bonferroni post-hoc tests.

3 Results

3.1 Differentially expressed genes
in WT, GILZ KO, and GILZ-
overexpressing macrophages

We conducted RNA-Seq with wild-type (WT), GILZ knockout
(GILZ KO), and GILZ-overexpressing (GILZ TG) bone marrow-
derived macrophages (BMMs), both under untreated conditions and
following a 4 h LPS treatment. The RNA-Seq data, analyzed using the
DESeq2 approach for the WT vs. KO, WT vs. TG, and KO vs. TG
comparisons, revealed 3,286 differentially expressed genes (DEGs, p <
0.05) in untreated cells. This number increased to 3,716 with LPS
treatment, encompassing all three comparisons (Supplementary File
S1). Principal component analysis (PCA) was employed to explore
the variance in gene expression among samples. The obtained data
revealed distinct grouping patterns based on the genotype,
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underscoring that observed gene expression variations are closely
associated with differences in GILZ abundance (Figures 1A, D). Next,
we employed iDEP, a tool designed for identifying patterns in gene
expression across all samples. The tool utilized transcripts per million
(TPM) data of the DEGs, independently for untreated and
LPS-treated cells, to conduct k-Mean hierarchical clustering.
In Figures 1B, E, representative Gene Ontology (GO) terms for
biological processes from hierarchical clustering are linked to their
corresponding false discovery rates (FDRs), providing insights into
the functional categories influenced by GILZ expression
(Supplementary File S2). Genes involved in the inflammatory
response of macrophages (Cluster 6) showed differential expression
under both untreated and LPS-treated conditions. Moreover, two out
of three GILZ TG samples exhibited a strong induction of genes
associated with vasculature development, cell mobility, and
extracellular structure organization (Cluster 1).

3.2 Enhanced phagocytic and
antibacterial activity in GILZ-
overexpressing macrophages

RNA-Seq analysis identified 55 differentially expressed genes
associated with the GO term ‘phagocytosis’ (GO:0006909) in both
GILZ KO and GILZ TG macrophages. Notably, these DEGs
exhibited a balanced distribution of upregulation and
downregulation in both cell types (Figure 2A). To elucidate the
functional implications of these transcriptional changes, we
conducted live cell imaging of macrophages after the addition of
pHrodoTM particles, emitting red fluorescent light upon engulfment
(Figure 2B). Quantitative analysis revealed that GILZ-
overexpressing macrophages exhibited a higher phagocytic
capacity over 12 hours compared to WT macrophages, with a
noticeable increase beginning at the 2-hour time point (Figure 2C).
Given the observed alterations in phagocytosis, we investigated
antibacterial activity in BMMs against S. typhimurium and E. coli.
Notably, GILZ-overexpressing macrophages exhibited not only
increased phagocytosis but also enhanced bacterial clearance
against both tested pathogens (Figure 2D). In this context, GILZ
KO cells exhibited a tendency of attenuated phagocytic capacity,
albeit not reaching statistical significance, and results regarding
bacterial clearance were inconclusive. Consequently, our focus
shifted to GILZ-overexpressing macrophages, aiming to
investigate whether the observed effects stem from increased NO
production, which is one of the main antibacterial factors in murine
macrophages (51). Indeed, GILZ TG macrophages demonstrated
elevated NO production when polarized to M1 (Figure 2E). In M1
macrophages, inducible nitric oxide synthase (NOS2) is the main
producer of NO, while arginases catalyze arginine hydrolysis to
ornithine and urea, competing with NO synthases for arginine (52).
Arginase 1 (ARGI) inhibits NO production and acts as an M2
marker, whereas Arginase 2 (ARG2) is involved in reducing M1
activation through metabolic reprogramming (53, 54). Upon
infection, there was a tendency for increased expression of Nos2
but neither altered expression of Argl nor Arg2 (Figure 2F).
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FIGURE 1

Differentially Expressed Genes in WT, GILZ KO, and GILZ-Overexpressing Macrophages. (A, D) Principal component (PC) analysis of the samples used
in C and F, respectively (input data = counts per million). Each dot represents one independent biological preparation. k-Means unsupervised
clustering of all differentially expressed genes from DeSeq?2 analysis (input data = transcripts per million) using iDEP 1.12 in untreated (C) and LPS-
treated (F) BMMs of n = 3 WT, GILZ KO, and GILZ TG mice per group. 1 (red) = maximum upregulation, -1 (green) = maximum downregulation

(B, E) Selected GO terms for biological processes of the clusters (Cl) shown in C and F, respectively. Not all clusters are characterized by distinct GO
term profiles. FDR, false discovery rate.
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FIGURE 2

Enhanced Phagocytic and Antibacterial Activity in GILZ-Overexpressing Macrophages. (A) Volcano plot of all differentially expressed genes (DEGs, p <
0.05, shown in grey) from untreated BMMs comparing GILZ KO and GILZ TG. Shown in black are all genes annotated in the GO term ‘phagocytosis’
(GO:0006909), from which those with a fold change < 0.67 or > 1.5 are shown in red (n= number of red genes for GILZ GO and TG). (B) Representative
brightfield and red fluorescence channel images and phagocytic capacity (C) from live cell imaging with the Incucyte® S3 system after the addition of
red pHrodoTM particles on untreated BMMs (n = 10 mice per group) relative to WT (set to 100%). Scale bar: 350 pm. (D) Colony-forming units (CFU)
relative to WT (set to 100%) after S. typhimurium (n = 5-9 mice per group) and E. coli (n = 3 mice per group) infection assays. (E) Relative NO
production from LPS/IFN-y-treated BMMs (n = 5-6 mice per group) measured by Griess assay relative to WT (set to 100%). (F) Quantitative RT-PCR
detection of Arg1, Arg2, and Nos2 in BMMs infected with S. typhimurium for 6 h (n = 3 mice per group). p values were generated from one-way ANOVA
comparison between groups for single time points and two-way ANOVA comparison for multiple time points both followed by Bonferroni post-hoc
tests. ***p < 0.0001.

3.3 Protection from pyroptosis in GILZ-
overexpressing macrophages

RNA-Seq analysis revealed 111 differentially expressed genes
included in the ‘cell death® GO term (GO:0008219), with 88
downregulated in GILZ TG macrophages (Figure 3A). This
downregulation pattern prompted the hypothesis of a protective
mechanism against specific forms of cell death. Upon
inflammasome activation by ATP+LPS treatment, GILZ TG
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macrophages exhibited a significant reduction in caspase-3/7
activation compared to WT (Figure 3B). Simultaneously, our
evaluation of cell viability revealed enhanced cell survival in GILZ-
overexpressing macrophages, as indicated by a substantial decrease in
the cytotoxicity signal, originating from compromised plasma
membrane integrity and a subsequent increase in fluorescence upon
binding to DNA (Figure 3C). Given that ATP+LPS treatment induces
pyroptotic cell death through caspase-1 activation, responsible for
processing IL-1[3, we explored IL-1[3 secretion under these conditions
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Protection from Pyroptosis in GILZ-Overexpressing Macrophages. (A) Volcano plot of all differentially expressed genes (DEGs, p < 0.05, shown in

grey) from untreated BMMs comparing GILZ KO and GILZ TG. Shown in

black are all genes annotated in the GO term ‘cell death’ (GO:0008219),

from which those with a fold change < 0.67 or > 1.5 are shown in red and counted, corresponding to the indicated n number. Normalized green

(Caspase-3/7 activity) (B) and red (Cytotoxicity) (C) signal of BMMs upon

ATP treatment measured by live cell imaging with the Incucyte® S3 system

of BMMs pre-treated with LPS (n = 6 mice per group). (D) IL-1f secretion measured by ELISA of ATP/LPS-treated BMMs (n = 4 mice per group).

(E) Representative brightfield and red fluorescence channel images and (F) DHE signal from live cell imaging with the Incucyte® S3 system in
untreated BMMs (co) and 30 min after the addition of ATP on LPS-treated BMMs with cell culture media containing DHE relative to stimulated WT
(set to 100%, n = 4-9 mice per group). Scale bar: 700 um. (G) MitoSOX™ signal from live cell imaging with the Incucyte® $3 system in untreated
BMMs (co), 30 min after the addition of either ATP on LPS-treated BMMs (ATP+LPS) or Antimycin A (AA) relative to WT (set to 100%). p values were
generated from one-way ANOVA comparison between groups for single time points and two-way ANOVA comparison for multiple time points both

followed by Bonferroni post-hoc tests. ***p < 0.0001.

and found no significant differences between genotypes (Figure 3D).
This led us to conclude that GILZ overexpression selectively influences
specific facets of the signaling cascade following ATP+LPS treatment
in macrophages. Given the pivotal role of reactive oxygen species
(ROS) in promoting NLRP3 inflammasome activation and
subsequent cell death, we investigated ROS production using DHE
dye with live cell microscopy (Figure 3E). Notably, GILZ TG
macrophages exhibited a significant reduction to 80% in ROS
production, while GILZ KO macrophages displayed an increased
production to 130% compared to WT macrophages (Figure 3F).
Upon inflammasome activation, mitochondria are known to be
both sources and targets of reactive oxygen species (55). We tracked

Frontiers in Immunology

mitochondrial ROS (mitoROS) production under ATP+LPS
treatment using mitoSOX fluorescence, a ROS dye specific for
mitochondria. Intriguingly, across all genotypes, we observed a
reduction of mitoROS production to 60% upon ATP+LPS
treatment (Figure 3G), suggesting that mitoROS production may
not be directly linked to cell viability. Additionally, we induced
mitoROS production using Antimycin A (AA) as a positive control,
and as expected, it elicited a substantial increase (p < 0.0001) in
mitoROS across all genotypes. Interestingly, we observed a trend of
diminished mitoROS levels in GILZ TG macrophages under untreated
conditions. This observation piqued our interest and warranted a
characterization of mitochondria in these macrophages.
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3.4 Lower respiration rate in GILZ-
overexpressing macrophages

RNA-Seq analysis unveiled the significant downregulation of 71
genes associated with Gene Ontology terms related to ‘mitochondria’
(GO:0140053, GO:0006119, GO:0010257), corresponding to those
depicted in Figure 1C as Cluster 2 and all specific to GILZ-
overexpressing macrophages (Figure 4A). Particularly, among these
genes, 15 of the 59 encode for subunits of the NADH:ubiquinone
oxidoreductase, the key component of Complex I in the electron
transport chain (GO:0010257, FDR = 3.4 x 10-?). Motivated by these

10.3389/fimmu.2024.1396827

transcriptomic findings, we subsequently examined the functional
implications by assessing the oxygen consumption rate (OCR) in
these cells (Figure 4B). Interestingly, our analysis unveiled a
significant reduction not only in basal respiration but also in
maximal respiration and spare respiratory capacity in GILZ-
overexpressing macrophages, both under untreated conditions and
following LPS treatment (Figure 4D). When mitochondrial
respiration is compromised, it often leads to compensatory
adjustments in glycolytic activity (47, 56, 57). Therefore, to
elucidate the glycolytic response, we performed a glycolysis stress
test focusing on extracellular acidification rate (ECAR) (Figure 4C).
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Lower Respiration Rate in GILZ-Overexpressing Macrophages. (A) Volcano plot of all differentially expressed genes (DEGs, p < 0.05, shown in grey) from
untreated BMMs comparing GILZ KO and GILZ TG. Shown in black are all genes annotated to GO terms related to mitochondria (GO:0140053,
G0O:0006119, GO:0010257), from which those encoding for respiratory complex | are shown in red and counted, corresponding to the indicated n
number. (B, D) Oxygen consumption rate (OCR) during the mitochondrial stress test and (C, E) extracellular acidification rate (ECAR) during the glycolysis
stress test in untreated (co) and LPS-treated BMMs measured with the Seahorse XFe96 Analyzer (n = 4-6 mice per group). O, oligomycin; RA & AA,
rotenone & antimycin A; G, glucose; 2-DG, 2-deoxy-p-glucose (F) Quantitative RT-PCR detection of mtDNA copy number in BMMs (n = 6 mice per
group). Flow cytometric measurement of (G) mitochondrial mass, and (H) mitochondrial membrane potential in BMMs relative to WT (set to 100%, n =
7-8 mice per group), and () pseudocolor plots of representative samples. p values were generated from one-way ANOVA comparison between groups

followed by Bonferroni post-hoc test. ***p < 0.0001.
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Our results demonstrated a slight reduction of glycolytic capacity in
GILZ TG macrophages (Figure 4E). Notably, these metabolic
alterations are not merely a consequence of a decrease in
mitochondrial content, as indicated by equivalent mitochondrial
DNA (mtDNA) content (Figure 4F), comparable mitochondrial
mass (Figure 4G), and unchanged mitochondrial membrane
potential (Figures 4H, I) in GILZ TG macrophages.

3.5 Elevated MMP activity in GILZ-
overexpressing macrophages

RNA-Seq analysis disclosed 224 DEGs in untreated GILZ-
overexpressing macrophages and 171 DEGs in LPS-treated cells
associated with cell movement, wound healing, and extracellular
structure organization forming Cluster 1 upon k-mean
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unsupervised clustering of TPM values of DEGs (p < 0.05) from
DESeq2 analysis in all three comparisons (Figures 1C, F). Notably,
among these DEGs forming Cluster 1, 80 genes were shared between
untreated and LPS-treated BMMs. To discern the functional
implications of these transcriptomic findings, we investigated their
impact employing the murine fibroblast cell line L929. Surprisingly,
cell proliferation (Figure 5A) or migration in response to wounding
(Figure 5B) was unaffected by the macrophage genotype when 1929
cells were exposed to media conditioned by WT, GILZ KO, or GILZ
TG macrophages. Despite these outcomes, the RNA-Seq data,
highlighting genes related to the extracellular matrix, prompted an
investigation of MMP activity in the conditioned media using gelatin
zymography (Figures 5C, D). The results unveiled heightened pro-
MMP9 and MMP2 activity in media conditioned by GILZ TG
macrophages. These findings correlate with the increased gene
expression observed in the RNA-Seq data for these enzymes.
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Elevated MMP Activity in GILZ-Overexpressing Macrophages. (A) Proliferation of L929 cells in conditioned media from untreated BMMs, measured as a
relative increase in cell confluency over time using live cell imaging with the \mcucyte‘fD S3 system (n = 8 mice per group). Data are normalized to the
starting confluency of each well (set to 100%). (B) Migration of mitomycin C-treated L929 cells in response to wounding, calculated as an increase in cell
confluency in the wounded area over time using live cell imaging with the Incucyte® $3 system (n = 6 mice per group). (C) Representative gel scan and
(D) relative quantification of MMP2 and pro-MMP9 activity relative to WT (set to 100%) measured by gelatin zymography (n = 6 mice per group). p values
were obtained from one-way ANOVA comparisons between groups followed by Bonferroni post-hoc test
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4 Discussion

In recent years, the exploration of therapeutic GILZ use has
extended beyond its well-known anti-inflammatory effects, gaining
interest for its potential pro-resolving actions. Traditionally, in
macrophages, GILZ is postulated to confer an anti-inflammatory
phenotype to monocytes and macrophages (58). It is recognized for
inhibiting the expression of proinflammatory molecules, preventing
toll-like receptor 2 production, and impeding NF-kB function (59).
Moreover, GILZ can be induced by the natural product curcumin,
contributing to its anti-inflammatory effects in macrophages (38).
Additionally, GILZ plays a crucial role in modulating macrophage
responses to LPS exposure; downregulation of GILZ is linked to
heightened NF-kB and AP-1 activity, accompanied by increased
pro-inflammatory cytokine production (36). Notably, M1-like
macrophages from GILZ-deficient mice exhibit elevated
expression of M1 markers and reduced expression of IL-10
compared to M1-like macrophages from wild-type mice (60).
Consistent with these findings, our RNA-Seq data revealed that
inflammatory pathways are upregulated in GILZ KO macrophages
compared to GILZ-overexpressing macrophages both under control
and inflammatory conditions.

Examining the resolution of inflammation, GILZ emerges as a
pivotal mediator of the anti-inflammatory and immunomodulatory
effects of GCs (15, 16). Moreover, GILZ demonstrates its potential
in effectively resolving detrimental inflammation by regulating
leptin production in osteoarthritis synovial fibroblasts (61),
safeguarding myocardial cells (29), reducing spinal cord tissue
damage and leukocyte infiltration (31), and inhibiting leukocyte
recruitment in liver fibrosis (62). Notably, during the resolution
phase of LPS-induced pleurisy, GILZ expression exhibits an
increase, particularly in macrophages displaying resolving
phenotypes, reinforcing its remarkable resolving actions (63).
Nevertheless, the regulation of GILZ in macrophages appears to
be intricate and contingent on the context. Various factors,
including hypoxia (21), IL-10 (59), and proinflammatory
cytokines (23), can influence the expression of GILZ in
macrophages. Interestingly, GILZ levels are stabilized in
macrophages characterized as LPS tolerant (36). Furthermore, the
absence of GILZ has been linked to macrophage aging, which is
linked to a low-grade inflammatory condition (46).

4.1 Antibacterial activity

In addition to its recognized anti-inflammatory effects, GILZ
has demonstrated accompanying benefits in the context of bacterial
infections, broadening its potential therapeutic applications. To
characterize these additional effects, we conducted investigations
involving GILZ KO and GILZ TG macrophages, aiming to uncover
mechanistic insights through transcriptomic data analysis. Our
study demonstrates enhanced phagocytic activity and increased
killing efficacy of S. typhimurium [an intracellular pathogen (64)]
and E. coli [using a non-invasive strain (65)] by GILZ-
overexpressing macrophages, potentially mediated by an
increased capacity to produce nitric oxide (NO). In this context,
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it is noteworthy to examine analogous observations in existing
literature. Notably, transgenic mice with heightened GILZ
expression specifically in monocytes and macrophages exhibited
lower frequencies of inflammatory monocytes, reduced plasma
levels of inflammatory cytokines, and diminished blood bacterial
counts when experiencing sepsis (32). This upregulation of GILZ in
monocytes and macrophages improved their phagocytic capacity in
in vivo assays and heightened the survival rates of septic mice.
Additionally, TAT-GILZ, a fusion protein combining the cell-
penetrating peptide TAT with GILZ, was found to induce the
release of CCL2, facilitating monocyte/macrophage recruitment
through the CCR2 receptor and resulting in accelerated resolution
of E. coli-induced neutrophilic inflammation, increased peritoneal
numbers of monocytes/macrophages, enhanced apoptosis/
efferocytosis counts, and improved bacterial clearance through
phagocytosis (35). In the context of pneumococcal pneumonia,
TAT-GILZ treatment reduced neutrophilic inflammation,
enhanced macrophage efferocytosis, and improved bacterial
clearance (34). Our findings in this study differ from our previous
findings, which indicated enhanced phagocytosis and killing
efficiency in GILZ KO macrophages (39). However, it is essential
to note that different models were employed in the two
studies. Specifically, phagocytic capacity was assessed using latex
beads, emphasizing the material’s impact on phagocytic activity,
as highlighted by (66). Moreover, the measurements of NO
production were conducted using a different cell type, and the
infection conditions differed from those in our prior study.
However, the precise molecular mechanisms through which GILZ
exerts dual effects, enhancing antibacterial clearance and resolving
inflammation effects, require further elucidation.

Contrary to GILZ, GCs have a negative impact on the
antibacterial function of macrophages. They inhibit the
phagocytic activity of macrophages, leading to an increase in
the severity of bacterial infections such as tuberculosis (67).
Furthermore, GCs have been found to directly upregulate the
expression of DPP4, leading to the mobilization and enhanced
activity of macrophages, which may exacerbate rather than mitigate
macrophage-dominated inflammatory disorders in the context of
GC therapy (68). GCs impair phagocytosis against Crohn’s disease-
associated adherent-invasive E. coli (AIEC) (69). Moreover, GCs
have been demonstrated to suppress antimicrobial autophagy and
nitric oxide production in macrophages, thereby facilitating
mycobacterial survival (70).

4.2 Pyroptosis

Considering our discovery that GILZ overexpression protects
macrophages from pyroptosis, we propose a potential regulatory
role for GILZ in the pyroptotic cell death pathway. Pyroptosis is a
Iytic form of programmed cell death triggered by the detection of
pathogens or host-derived danger signals. Gasdermin-D (GSDMD)
functions as the central pyroptotic substrate for inflammatory
caspases. This process results in the formation of pores, causing
cell swelling until membrane rupture occurs. Consequently, this
rupture leads to the release of inflammatory cytokines such as IL-
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1B, IL-6, and IL-18 into the extracellular space (71). In our study, we
observed that GILZ expression did not impact IL-1f secretion upon
inflammasome activation, suggesting that GILZ may not influence
cytokine processing by caspases within the pyroptosis cascade.
Consequently, we redirected our focus to another well-established
host-derived danger signal in this context. This signal centers on the
detection of reactive oxygen species (ROS), known to induce the
assembly of either noncanonical or canonical inflammasomes (72).
Increasing levels of ROS by an upregulated NADPH oxidase have
been shown to induce pyroptotic cell death (73). Recently, Devant
and colleagues showed in macrophages that the terminal step in the
pyroptosis pathway, namely pore formation, relies on ROS to
oxidize the caspase cleaved GSDMD (74). Given the observed
reduction in ROS levels in GILZ-overexpressing macrophages,
our study suggests a potential interference by GILZ with ROS
production, specifically after inflammasome assembly at a later
stage in the pyroptotic cascade. As the exact origins of ROS
production during pyroptosis and potential interaction partners
for GILZ remain unclear, further investigations are needed.
Notably, supporting our findings, previous research has
established that decreased ROS levels confer protection against
ATP-LPS-induced cell death in BMMs (75). Contrary to the
common association of ROS generation with mitochondrial
dysfunction, our study revealed no increase in mitochondrial
ROS. Nonetheless, it is noteworthy that mitochondrial ROS
have been identified as crucial contributors to pyroptosis via
GSDMD oxidation (76). Additionally, TRAF3 was shown to
amplify mitochondrial ROS production and pyroptosis through
ULK1 ubiquitination (77). Ceramide-mediated regulation of
mitochondrial ROS was observed to connect ROS, NLRP3-
caspase-1 inflammasome activation, and pyroptosis in cancer cells
(78). Furthermore, scavenging mitochondrial ROS effectively
mitigated pyroptosis and IL-1p secretion in the context of
hyperglycemia- and periodontitis-related pyroptosis (79).

With a focus on their potential to activate the NLRP3
inflammasome and induce pyroptosis, the detrimental effects of GCs
have been extensively studied in various cellular and disease models.
Studies on muscle cells suggest that GCs may induce pyroptosis
through the NLRP3/GSDMD pathway, implying a role in muscle
atrophy (80-82). Chronic GC exposure primes microglia to pro-
inflammatory stimuli, inducing Nlrp3 mRNA in the hippocampus,
suggesting a link between GCs and neuroinflammation (83-85). In
macrophages, sensitivity to GCs concerning the NLRP3 inflammasome
appears model dependent. GCs enhance ATP-dependent NLRP3
expression in cultured human monocytes/macrophages, promoting
pro-inflammation (86, 87). Conversely, under LPS stimulation, an
inhibitory role is suggested in cultured murine macrophages (88). This
once again emphasizes the need to explore alternative therapeutic
options such as GILZ.

4.3 Respiration and mitochondria
Mitochondria are known to act as a signaling platform in

macrophages, linking energy metabolism and macrophage
polarization upon activation (89). In our study, we found that
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macrophages overexpressing GILZ have significantly less
mitochondrial oxidative phosphorylation capacity, which is linked
to a downregulation of numerous genes encoding for complex I of
the electron transport system. This contrasts with findings in cancer
cells where GILZ has been implicated in enhancing mitochondrial
oxidative phosphorylation, leading to increased susceptibility to
death induced by mitochondrial pro-oxidants (90, 91). These
contrasting effects underscore the context-dependent role of GILZ
in mitochondrial function and warrant further investigation into its
diverse mechanisms of action in different cellular contexts.

GCs have been shown to have a significant impact on
mitochondrial function in macrophages. Mitochondrial GRs alter
the expression of genes involved in oxidative phosphorylation,
which can affect the activity and abundance of key enzymes in
the electron transport chain, leading to changes in ATP production
(92). Mitochondrial function is indispensable for GCs to exert their
effects, as evidenced by studies demonstrating that the inhibition of
complex V abolishes dexamethasone-mediated upregulation of Gilz
(93). Chronic GC treatment of cortical neurons has been shown to
reduce mitochondrial oxidation (94). Altogether, this leads us to
speculate that GILZ may exert effects on macrophages similar to its
primary inducers, GCs, suggesting potential molecular interactions
that require elucidation in future studies.

4.4 Tissue remodeling

The versatility of macrophages allows them to participate across
all phases of inflammation, from instigating the pro-inflammatory
response to facilitating tissue repair post-injury. Considering this, we
could identify a new aspect of GILZ’s role in inflammatory
conditions, particularly in its promotion of pro-resolving actions,
such as the activation of matrix metalloproteinases (MMP) when
GILZ is overexpressed in macrophages. The secretion of MMP9 and
MMP2 by macrophages has been widely recognized as playing a
crucial role in wound healing. These metalloproteinases are involved
in the degradation and remodeling of the extracellular matrix (ECM),
which is essential for various stages of the wound healing process
(95-97). We detected pro-MMP9 via gelatin zymography. In vivo,
macrophage-derived pro-MMP9 can be activated by MMP-3 or other
MMPs (98). Although these gelatinase pro-forms are typically latent
and catalytically inactive in the absence of their activating enzymes
(99), they become activated during zymography due to the presence
of the denaturing agent SDS (100). Overexpression of MMP9 in
macrophages improves diastolic physiology and cardiac wound
healing after myocardial infarction (101).

The effects of GCs on tissue repair extend beyond the activation
of GRs but remain poorly understood (102). Findings in peripheral
blood mononuclear cells suggest that GC-mediated monocyte/
macrophage-specific induction of ADAMTS2, a secreted
metalloproteinase involved in the processing of procollagen to
collagen, may play a crucial role in the resolution of
inflammation and wound repair (103). The precise mechanism by
which GILZ might regulate MMP secretion in macrophages
remains unclear and represents a novel area of investigation in
the field.
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1.2 Contribution to the research field to a non-expert

Our research in this publication investigates how the protein GILZ influences inflammation, a critical process in
the body's response to infection and injury. Glucocorticoids (GCs), widely used to treat inflammation, often cause
side effects that limit their effectiveness. GILZ, a key mediator of GC effects, has garnered attention for its
potential therapeutic benefits. We studied how altering GILZ levels affects macrophage behavior. Macrophages
are central immune cells orchestrating pathogen elimination, facilitating tissue repair, and maintaining
physiological balance within the body. Through genetic modifications affecting GILZ expression, wherein we
engineered macrophages to either express no GILZ or large amounts of GILZ, we uncovered significant effects on
inflammation, cell death, and other immune processes. Increased GILZ levels promoted pathogen elimination and
wound healing and protected against cell death, while GILZ deficiency intensified inflammatory reactions. Our
work on GILZ contributes to the understanding of immune processes, which could drive the development of safer
and more effective treatments for inflammatory diseases such as inflammatory bowel disease or arthritis.
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Chapter 2 The Interplay Between Sodium in the Microenvironment and
the Glucocorticoid-Induced Leucine Zipper (GILZ): Determinants of
Macrophage Activation

2.1 Introduction

2.1.1  Health Implications of High Salt Consumption

The consumption of salt (sodium chloride, NaCl) in food is deeply rooted in global traditions and societal norms.
Nonetheless, overconsumption of salt is linked to hypertension, a condition strongly associated with cardiovascular
complications (Ellison & Welling, 2021; Huang et al., 2020; Mozaffarian et al., 2014). This heightened risk of
cardiovascular diseases contributes significantly to global morbidity and mortality, with an estimated annual toll
of approximately five million deaths worldwide caused by a high salt diet (Hunter et al., 2022; O'Donnell ef al.,
2014). Public health initiatives and campaigns have been implemented to raise awareness about the health risks
associated with high salt intake.

The impact of high salt intake extends beyond cardiovascular health, with studies indicating associations with
autoimmune and inflammatory diseases (Jung ef al., 2019; McDonald et al., 2016). Specifically, high salt intake
has been associated with increased pathogenic Th17 cell differentiation in both humans and mice, facilitated by
the p38/MAPK, NFATS, and SGK1 pathways, with in vivo studies in mice demonstrating that a high-salt diet
exacerbates experimental autoimmune encephalomyelitis (EAE) by expanding Th17 cells in gut-associated
lymphoid tissue and the central nervous system (Figure 1) (Kleinewietfeld ef al., 2013; Wu et al., 2013).
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Figure 1: High salt conditions affect cells in dlfferent organs (Wilck ez al., 2019)
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Recent research has highlighted that high salt intake indirectly regulates immunity by impacting the gut microbiota,
leading to a depletion of Lactobacillus spp. in both mice and humans (Hamad et al., 2022; Miranda et al., 2018).
This depletion correlates with elevated frequencies of Th17 cells in multiple tissues, heightened blood pressure,
and worsened disease progression in mice, yet replenishing Lactobacillus spp. has been demonstrated to alleviate
exacerbations of EAE and salt-sensitive hypertension through the regulation of Th17 cells (Wilck ef al., 2017).

2.1.2  Sodium is Stored in the Human Skin
Studies by Titze et al. revealed unexpected findings on sodium accumulation independent of water accumulation,
highlighting the skin as a site for osmotically inactive sodium accumulation influenced by dietary salt intake
(Rakova et al., 2013; Titze et al., 2002). The tissue sodium content in humans can be visualized and quantified
using magnetic resonance imaging, revealing higher sodium content in skin than in muscle, with variations based
on sex and health conditions (Kopp et al., 2012; Miyauchi et al., 2024). Notably, skin sodium content increases
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with age, suggesting a link between sodium accumulation and age-related inflammation and diseases known as
inflammaging (Furman et al., 2019; Guimaraes et al., 2021; Linz et al., 2015; Lopez-Otin et al., 2013).
Macrophages play a crucial role in maintaining sodium homeostasis within the skin independent of renal function.
This process is mediated by an NFATS/VEGF-C mechanism, which increases lymphatic capillary density to
maintain local electrolyte balance and normal blood pressure (Machnik et al, 2009; Titze et al., 2014).
Furthermore, macrophages are recruited by sodium gradients in the renal medulla, establishing a defense zone
against infections through epithelial chemokine (CCL2) production (Berry ef al., 2017). Additionally, Jantsch et
al. revealed that macrophages are pivotal in strengthening the skin's antimicrobial barrier by facilitating sodium
storage at the site of bacterial infections, thus enhancing host defense mechanisms (Jantsch et al., 2015).

2.1.3  How Macrophages Sense and Respond to Sodium Chloride
First findings demonstrating the impact of sodium on immune cell activity came by accident in the 1990s. Using
increases in sodium chloride as a osmolarity control, researchers found that the addition of NaCl triggered
proinflammatory responses in peripheral blood mononuclear cells (Shapiro & Dinarello, 1995).
More recently, researchers found that the skin stores an additional 40 mM NaCl due to dietary and inflammatory
stimuli (Jantsch et al., 2015; Kopp et al., 2012; Machnik et al., 2009). Since then, it has become evident that high
salt (HS) favors the pro-inflammatory polarization of macrophages (Figure 2) (Miiller et al., 2019).
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Figure 2: How macrophages respond to high salt conditions (Wilck et al., 2019)
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Sensing changes in sodium balance involves macrophages utilizing the Na*/Ca?" exchanger NCLX and the Na/Cl
betaine/GABA transporter (BGT-1, encoded by Sic6ai2) to trigger NFATS signaling pathways and an
inflammasome-dependent activation of caspase-1 (Ip & Medzhitov, 2015; Neubert ef al., 2020; Zhang et al., 2024).
In response, profound metabolic adaptations occur in macrophages, heavily impacting their immune activation
status and plasticity. Sodium transiently inhibits complex II/II of the electron transport chain with a subsequent
reduction of the oxygen consumption rate (OCR) and ATP production (Geisberger et al., 2021; Hernansanz-
Agustin et al., 2020). Increased stabilization of hypoxia-inducible factor 1o (HIF-1a) and enhanced autophagy
contribute to improved antibacterial activity (Neubert et al., 2019). However, sodium limits macrophages' role in
orchestrating wound healing processes and reduces phagocytosis (Miiller et al., 2024). Under classical polarization
towards the pro-inflammatory M1 phenotype, HS intensifies the phenotype, resulting in increased NO production
and heightened bactericidal activity (Jantsch et al., 2015; Krampert et al., 2023). Conversely, when polarized to
the classical M2 phenotype, HS diminishes the anti-inflammatory plasticity, leading to reduced expression of
signature genes, impaired wound healing capacities, suppressed T effector cell proliferation, and alterations in
immunometabolic pathways (Binger et al., 2015). Mitochondrial function is crucial for early macrophage
activation and function under HS conditions, as pharmacological inhibition of mitochondrial complexes mimics
the HS effect on Nos2 expression and accelerated bacterial defenses (Geisberger ef al., 2021).

Interestingly, the use of mannitol or urea as tonicity controls failed to replicate the effects observed with sodium
chloride, underscoring the specificity of the impact (Jantsch et al., 2015; Neubert et al., 2019).
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2.14  GILZ Regulates the Sodium Balance in the Kidney
Originally identified as a pivotal mediator of the anti-inflammatory properties of glucocorticoids in immune cells,
GILZ governs essential functions of macrophages, including cytokine production, host defense, and polarization -
key markers for high salt-mediated inflammation (Ayroldi & Riccardi, 2009; Ellouze et al., 2020; Hoppstédter et
al., 2015; Legroux et al., 2024; Souza et al., 2022; Vago et al., 2020).
The generation of total GILZ KO mice revealed various unexpected phenotypes, including infertility in male mice
due to impaired sperm maturation and cardiomyocyte hypertrophic growth (Cappetta et al., 2021; Venanzi et al.,
2014). In the kidney, aldosterone regulates sodium and potassium balance via induction of target genes by binding
to the mineralocorticoid receptor (MR), such as the serum and glucocorticoid-regulated kinase 1 (SGK1) and GILZ
(Bruscoli et al., 2022). GILZ inhibits the Na*-Cl~ cotransporter (NCC) and activates the epithelial sodium channel
(ENaC), which changes the electrochemical gradient and facilitates potassium secretion. This explains why GILZ
KO mice exhibit elevated plasma potassium concentrations compared to WT mice, without alterations in blood
pressure (Mozaffari, 2020; Rashmi et al., 2017; Soundararajan et al., 2010).
Research indicates that MR signaling in macrophages plays a significant role in various physiological and
pathological processes, including cardiac tissue inflammation, fibrosis, and atherosclerosis (Belden et al., 2017;
Fraccarollo et al., 2019). Aldosterone can also induce GILZ via the glucocorticoid receptor (GR) in human
synovial fibroblasts, where GILZ mediates leptin production by corticoids, an important adipokine (Malaise et al.,
2016).

2.1.5 Hypothesis: GILZ Is Involved in High Salt-mediated Inflammation of Macrophages
Given GILZ's significance as a major player in macrophage signaling and its role in regulating sodium balance in
the kidney, we sought to investigate the interplay between GILZ and sodium in inflammation. We hypothesized
that high salt conditions trigger an inflammatory response modulated by GILZ, significantly influencing
inflammatory processes and infection defense. To test this hypothesis, we compared typical markers of HS-
mediated inflammation in WT, GILZ KO, and GILZ TG macrophages.

2.2 Results

2.2.1  Characterization of GILZ Knockout and GILZ Transgenic Macrophages

In our investigation into the role of GILZ in HS-mediated inflammation, we used WT, GILZ KO, and GILZ TG
BMMs. GILZ KO macrophages were confirmed to lack detectable GILZ mRNA expression (gene: Gilz or
Tsc22d3), while GILZ TG macrophages displayed a constitutive 10-fold increase in Gilz expression, which
persisted under inflammatory conditions and was further inducible by the glucocorticoid dexamethasone (Figure
3A). Western Blot analysis demonstrated that the constitutive GILZ protein levels (15 kDa) in GILZ TG
macrophages were comparable to those observed in dexamethasone-treated WT macrophages (Figure 3B).
However, attempts to confirm the absence of GILZ in KO macrophages were unsuccessful (Figure 3C). Both the
near-infrared-based fluorescent secondary antibody and horseradish peroxidase-conjugated secondary antibody
mistakenly detected proteins of the same size as GILZ, producing two bands at 15 kDa, raising questions about
the method's validity. This led us to conclude that the commercially available primary antibody lacked the
necessary specificity and selectivity for its target protein under our experimental conditions.
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Figure 3: Characterization of GILZ knockout and GILZ transgenic macrophages

(A) qRT-PCR detection of Gilz/Tsc22d3 expression in WT, GILZ KO, and GILZ TG BMMs relative to untreated
WT cells after 4 hours of treatment with 100 ng/ml LPS or 1 uM dexamethasone for 24 hours (n =2-8 BMM
preparations per group). (B), (C) Western Blot of GILZ and a-tubulin in untreated (Co) and treated for 24 hours
with 1 uM dexamethasone (Dex) WT, GILZ KO and GILZ TG BMMs (n =2 BMM preparations per group). Blots
were stained overnight at 4 °C with primary antibodies (1:1000 dilution for GILZ and 1:2000 dilution for o-
tubulin) and stained for 2 hours at room temperature with IRDye secondary antibodies (1:10,000 dilution) or 1
hour in HRP-conjugated secondary antibody for GILZ (1:1000 dilution).

2.2.2  Regulation of GILZ Expression by High Salt in Macrophages

To assess the impact of HS on macrophage activation, we elevated the NaCl concentration in the media by an
additional 40 mM, increasing it from 140 mM (normal media) to 180 mM (HS). This adjustment mimics the
interstitial accumulation of NaCl observed under pathophysiological conditions (Miiller et al., 2019; Wilck et al.,
2019). Upon short-term exposure (4 h) to HS conditions, a significant downregulation of GILZ mRNA levels by
approximately 65% was observed (Figure 4A). However, upon prolonged exposure (24 h) to HS conditions, we
noted restoration of Gilz levels (Figure 4B). As previously described, acute LPS exposure alone downregulated
Gilz expression (Figure 3), with no additional alteration upon concurrent HS exposure, while long-term LPS
stimulation induced an immunotolerant state characterized by restoration of GILZ mRNA levels (Hoppstédter et
al., 2015). The addition of HS upon long-term LPS stimulation elevated Gilz levels (Figure 4B).
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Figure 4: Regulation of Gilz/Tsc22d3 expression by high salt in macrophages

(A) qRT-PCR detection of Gilz/Tsc22d3 expression in BMMs after 4 hours and (B) 24 hours of treatment with
high salt (HS; +40 mM NaCl) and/or 100 ng/ml LPS, relative to untreated control cells (n=5-12 BMM
preparations per group). p values were generated from one-way ANOVA comparison between groups, followed
by Bonferroni post-hoc tests. * p < 0.05, ** p <0.01
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2.2.3  No Detectable Involvement of GILZ in Short-Term High Salt Effects
We conducted gene expression analysis in WT, GILZ KO, and GILZ TG BMMs treated with LPS and HS for 4
hours to investigate GILZ's role in HS-mediated inflammation upon short-term exposure. Independent of GILZ
abundancy in the cells, HS conditions significantly increased the expression of several signature genes under
inflammatory conditions (Figure 5A, F-H).
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Figure 5: No detectable involvement of GILZ in short-term high salt effects

(A) gRT-PCR detection of depicted gene expression in WT, GILZ KO, and GILZ TG BMMs treated (4 h) with
high salt (HS; +40 mM NaCl) and 100 ng/ml lipopolysaccharide (LPS), relative to respective LPS-treated cells of
the same genotype (n = 4-9 BMM preparations per group). (B) Normalized TNF secretion of WT, GILZ KO, and
GILZ TG BMMs treated with LPS+HS (4 h) measured by ELISA, relative to respective LPS-treated cells of the
same genotype (n = 3-5 BMM preparations per group). (C) Colony-forming units (CFU) after 6 h infection of WT,
GILZ KO, and GILZ TG BMMs with S. typhimurium treated with HS (4 h) before infection, and (D) reduction in
CFU by HS relative to respective control (n =3 BMM preparations per group). (E) Basal oxygen consumption
rate (OCR) and extracellular acidification rate (ECAR) of WT, GILZ KO, and GILZ TG BMMs treated with HS
(4 h) measured with the Seahorse XFe96 Analyzer (n =4 BMM preparations per group). (F), (G), (H) gene
expression data of (A) showing variability between biological replicates. p values were generated from one-way
ANOVA comparison between groups, followed by Bonferroni post-hoc tests. Where no significance is indicated,
differences between groups were not statistically significant. * p <0.05

Nos2, the gene coding for the nitric oxide-synthesizing enzyme, a crucial marker in HS-mediated inflammation,
was highly upregulated (Figure SA, F). As expected from literature (Binger et al., 2015), Argl, which competes
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with Nos?2 for the substrate L-arginine, was downregulated, although 4rg2, more involved in NO metabolism than
antimicrobial defense, was significantly upregulated (Figure SA, F). Nfat5 and Nirp3, both key regulators in the
osmoregulatory response and inflammasome activation, were also upregulated under HS conditions (Figure 5A,
G-H). Sgkl, involved in sodium homeostasis and potentially influencing macrophage inflammatory responses, was
upregulated by HS (Figure 5A, H). We measured Slc6al2 expression, encoding a critical sodium channel, and
found it to be drastically upregulated by HS (Figure 5A, H). Furthermore, //10, a major anti-inflammatory cytokine,
showed increased expression under HS conditions (Figure SA, G). We assessed 7Tnf expression to evaluate the pro-
inflammatory response, as TNF is a key cytokine in macrophage-mediated inflammation and observed a decrease
in Tnf expression under HS conditions (Figure 5A, G).

Taken together, we surprisingly found no significant differences in gene expression of key mediators between
genotypes.

We next assessed the secretion of TNF following a 4-hour LPS stimulation under HS conditions, where we
observed neither elevated TNF levels nor significant differences between genotypes, which supports our findings
from gene expression analysis (Figure 5B).

We further investigated bacterial clearance of BMMs in a Salmonella typhimurium infection assay, since
antibacterial activity is the most important marker of HS-mediated inflammation (Jantsch et al., 2015). As
expected, pre-cultivating cells in HS for 4 hours prior to the 6-hour infection significantly enhanced the
antibacterial activity of the macrophages, as evidenced by a lower CFU count (Figure 5C). GILZ TG macrophages
did not exhibit a substantial increase in antibacterial activity, but as described in Chapter 1, already displayed
heightened antibacterial activity under control conditions. There was no significant difference in antibacterial
activity between genotypes, as GILZ KO macrophages also did not exert higher antibacterial activity compared to
WT macrophages. (Figure 5D).

High salt conditions have been demonstrated to inhibit mitochondrial activity in macrophages. To investigate
whether the abundance of GILZ in macrophages renders them less or more susceptible to this effect, we assessed
the oxygen consumption rate (OCR) upon HS treatment (Figure SE). Confirming previous findings (Geisberger et
al., 2021), we observed a significant shift in macrophage metabolism towards glycolysis, characterized by a lower
OCR and a higher extracellular acidification rate (ECAR), typical for pro-inflammatory macrophage polarization.
The extent to which the OCR was reduced was highest in WT cells. Given that GILZ-overexpressing macrophages
already exhibit a lower respiration rate, as demonstrated in Chapter 1, the reduction in OCR by HS was limited in
these cells.

Taken together, these findings indicate that GILZ does not play a significant role in the gene expression changes
or functional responses induced by short-term HS exposure in macrophages. The observed effects on bacterial
clearance and metabolic shifts are primarily attributable to HS itself, rather than the presence or absence of GILZ.

2.2.4  No Detectable Involvement of GILZ in Long-Term High Salt Effects
Having found no detectable involvement of GILZ in short-term HS effects, we next investigated the role of GILZ
in long-term HS exposure, focusing on comparisons between WT and GILZ TG macrophages.
Prolonged incubation of BMMs in HS media has been shown to enhance antibacterial activity against
S. typhimurium (Neubert et al., 2019), which we confirmed (Figure 6A). Notably, while GILZ TG macrophages
exhibited higher efficacy in bacterial killing, HS conditioning resulted in a less pronounced increase in antibacterial
activity in these cells compared to WT macrophages. Gene expression analysis under prolonged LPS and HS
exposure revealed no significant alterations attributable to GILZ overexpression in BMMs (Figure 6B). However,
this exposure notably increased the expression of Nos2, Nirp3, and Sic6al2 (Figure 6B).
We then polarized cells to classically activated M1 macrophages through a 24-hour stimulation with interferon-y
(IFN) and LPS. Ml-polarized BMMs demonstrated enhanced bacterial clearance when infected with
S. typhimurium for 24 h (Figure 6C). Interestingly, additional HS further strengthened this effect in WT
macrophages, while GILZ TG macrophages maintained heightened bactericidal activity even in an unpolarized
state, as described in Chapter 1 (Legroux et al., 2024). This observation correlates with increased NO production,
a key bactericidal agent, in both WT and GILZ TG macrophages upon additional HS exposure (Figure 6D),
occurring to a similar extent in both groups.
HS exposure triggered significant activation of NF-kB, the principal transcription factor governing pro-
inflammatory gene expression in innate immune cells, in a murine macrophage reporter cell line (Figure 6E).
Lastly, we investigated the involvement of GILZ in HS effects under IL-4 polarization. Gene expression
comparison between WT and GILZ TG cells revealed downregulation of M2 signature genes Argl, Mrcl, and
Ymi by HS, with no significant differences between genotypes (Figure 6F). Nevertheless, Nos2 was highly
upregulated under HS conditions.
Taken together, our findings suggest that while HS enhances bactericidal activity and pro-inflammatory gene
expression in macrophages, constitutive GILZ overexpression does not significantly alter these responses under
long-term HS exposure.
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Figure 6: No detectable involvement of GILZ in long-term high salt effects

(A) Colony-forming units (CFU) after 6 h infection of WT and GILZ TG BMMs with S. typhimurium treated
(16 h) with high salt (HS; +40 mM NaCl) before infection (n =3 BMM preparations per group). (B) gRT-PCR
detection of depicted gene expression in WT and GILZ TG BMMs treated (24 h) with high salt (HS; +40 mM
NaCl) and 10 ng/ml LPS, relative to respective LPS-treated cells of the same genotype (n = 4-9 BMM preparations
per group). (C) CFU after 24 h infection of WT and GILZ TG BMMs treated (24 h) with HS and/or 10 ng/ml LPS
+ 5 ng/ml IFN-y before infection (n = 3-9 BMM preparations per group). (D) Relative NO production from
IFN+LPS+HS-treated WT, GILZ KO, and GILZ TG BMMs (24 h) measured by Griess assay relative to respective
IFN+LPS-treated cells from the same genotype. (E) NF-kB/AP-1 activation of RAW-Blue™ reporter cells after
24 h HS + LPS treatment, relative to respective untreated controls (n = 4 independent experiments). (F) qRT-PCR
detection of depicted gene expression in WT and GILZ TG BMMs treated (24 h) with HS and 20 ng/ml
interleukin 4 (IL-4), relative to respective IL-4-treated cells of the same genotype (n = 3 BMM preparations per
group). p values were generated from one-way ANOVA comparison between groups, followed by Bonferroni
post-hoc tests. Where no significance is indicated, differences between groups were not statistically significant.
* p <0.05, % = not measured, NS = normal salt.

2.2.5 Aldosterone Induces Gilz via the Glucocorticoid Receptor
Aldosterone regulates sodium and potassium balance in part by inducing the expression of GILZ in kidney
epithelial cells (Bruscoli ef al., 2022). GILZ, in turn, modulates ion transport via transporters like NCC and ENaC
(Rashmi et al., 2017; Soundararajan ef al., 2010). Given the incomplete understanding of how macrophages sense
sodium-mediated inflammation and the pivotal role of the aldosterone-MR axis in sodium-mediated effects, we
wanted to investigate whether GILZ might also mediate sodium sensing by ion transporters in macrophages. To
explore this, we investigated the induction of Gilz by aldosterone and whether this induction is mediated through
binding to the MR or the GR. We treated BMMs with aldosterone in the presence of eplerenone, an MR antagonist,
and mifepristone, a GR antagonist. We observed that aldosterone induced Gilz in macrophages, but that
mifepristone, and not eplerenone, abolished this induction (Figure 7). This suggests that the induction occurs via
binding to the GR rather than the MR, as mifepristone alone did not induce Gilz and blockade of the GR by
mifepristone prevented Gilz induction by aldosterone. Although GR activation is known to modulate ion transport
in some tissues, it is not known to do so in macrophages (Laube et al., 2020). Therefore, if Gilz was induced by
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GR, it would unlikely modulate ion transport in macrophages. We concluded that the MR is not involved in
potential GILZ-mediated effects under HS conditions.

ion
N
o

10

x-fold
Gilz express

oSO N b

Figure 7: Aldosterone induces Gilz via the glucocorticoid receptor

gqRT-PCR detection of Gilz expression in BMMs treated (4 h) with 1 umol aldosterone, 1 umol dexamethasone,
and pre-treated (1 h) with either 10 umol mifepristone (Mife) or 10 umol eplerenone (Eple) as indicated relative
to solvent-controlled (0.001% DMSO) cells (n = 3 BMM preparations per group). p values were generated from
one-way ANOVA comparison between groups, followed by Bonferroni post-hoc tests. *** p <0.0001

2.3 Discussion

We successfully replicated the effects of HS conditions on macrophage biology as described in the literature.
Short-term HS exposure significantly induced high salt signature genes, including Nos2, Sgki, Nfat5, and Sic6ali?2,
which encode pivotal proteins involved in sensing, mediating, and executing functions upon HS treatment (Neubert
et al., 2020). Among these, Slc6al2, a tonicity-responsive channel, exhibited very high upregulation in gene
expression, consistent with previous findings attributing it with the highest upregulation of all genes under HS
conditions (Binger et al., 2015).

We also reproduced the observation that some proinflammatory markers, such as TNF or Nlrp3 expression, are
paradoxically unaffected or even downregulated by HS initially, with a definitive shift towards inflammation
occurring only after 24 hours (Geisberger ef al., 2021). The upregulation of ///0, an important marker for anti-
inflammatory polarization, indicates that HS treatment does not merely enhance classical M1 polarization but leads
to a distinct macrophage polarization subtype, aligning with existing literature (Zhang et al., 2015).

HS is known to blunt anti-inflammatory activation rather than invert polarization towards the canonical M1 state
(Binger et al., 2015). This is confirmed by the blunted expression of M2 signature genes Mrcl, Tgfb, and YmI.
Additionally, the heavy upregulation of Nos2, a typical marker for M1 activation in macrophages, under HS
conditions suggests that HS influences NO synthesis more strongly than IL-4 can diminish it through inducing
anti-inflammatory polarization.

We could not detect any involvement of GILZ in HS-mediated inflammation or sensing mechanisms. Manipulating
GILZ abundance in macrophages affected neither short-term nor long-term polarization or functionality under high
salt treatment. However, it is important to clarify the challenges encountered during our study. While GILZ is
recognized as a significant factor in macrophage signaling pathways, its levels are substantially reduced during
acute inflammation (Hoppstddter et al, 2019). This natural suppression of GILZ expression during acute
inflammation may have influenced the insights gained from GILZ KO macrophages in short-term inflammation
studies. The observed differences in baseline conditions prior to LPS challenge under HS suggest potential
relevance of GILZ, warranting further exploration using GILZ TG macrophages. However, the overexpression of
GILZ notably influenced macrophage functionalities, as previously reported (Legroux et al., 2024), introducing
variability that complicates the interpretation of GILZ's specific role under high salt treatment. Moreover, HS-
induced reduction of Gilz expression in BMMs, although transient, raises questions about the sustained relevance
of GILZ in macrophages under prolonged HS conditions. Of note, the viability of macrophages under HS
conditions is not impaired in WT, GILZ KO, or GILZ TG macrophages (data not shown).

Recent literature has highlighted the induction of pyroptosis by HS conditions, presenting new opportunities for
further research. One study has shown that hypertonic saline induces inflammation in macrophages through the
NLRP1 inflammasome (Sposito et al., 2023). Another study suggests that sodium entering cells through the BGT-1
(the transporter encoded by Slc6al?2) activates SGK1, promotes the expression of the NLRP3 inflammasome, and
activates the MAPK/NF-kB pathways, thereby causing inflammatory damage through membrane rupture (Zhang
et al., 2024). These findings are particularly interesting in the context of our research, as GILZ has been shown to
protect against pyroptosis, and SGK1, just like GILZ is an important gene in GC-signaling (Legroux et al., 2024).



Chapter 3: GILZ in Macrophage Trained Immune Memory 34

Chapter 3 Investigating the Role of Glucocorticoid-Induced Leucine
Zipper (GILZ) in Trained Immunity of Macrophages

3.1 Introduction

3.1.1 Immune Memory

The human immune system comprises both innate and adaptive immune components, traditionally associating
immune memory with the advanced capabilities of the adaptive immune response (Bonilla & Oettgen, 2010).
However, it is essential to acknowledge that immune memory is not exclusive to vertebrates or solely reliant on
adaptive immunity (Netea ef al., 2011). Indeed, immune memory is a fundamental characteristic observed across
all living organisms, including plants and non-vertebrates (Gourbal et al., 2018).

Conceptually, immune memory properties are defined by the amplitude and specificity of the immune response
upon re-exposure to pathogens. This phenomenon, observed in both primitive or innate and adaptive immune
systems, significantly relies on epigenetic reprogramming during the initial encounter with non-host signals,
shaping the magnitude and speed of the immune response (Lau et al., 2018; Netea et al., 2019). Specificity, on the
other hand, is a feature unique to the adaptive immune response and arises from somatic gene recombination and
clonal selection in B- and T-lymphocytes (De Silva & Klein, 2015).

3.1.2  Trained Innate Immunity: Mechanisms and Molecular Pathways

Trained innate immunity (TRIM) emerges as a form of innate immunological memory (Hajishengallis ef al., 2023).
Well-established inducers of TRIM, such as the tuberculosis vaccine Bacille Calmette-Guérin (BCG), the fungal
cell wall component B-glucan, and certain viral infections, prime innate immune cells like monocytes,
macrophages, dendritic cells, and natural killer cells through initial infection or stimulation, leading to augmented
but nonspecific responses to subsequent infections or stimuli, characterized by an increased production of
inflammatory cytokines and enhanced antimicrobial defense (Figure 8) (R. J. W. Arts et al., 2016; Bekkering et
al., 2018; Covian et al., 2021; Hole et al., 2019; Kalafati et al., 2020; Kleinnijenhuis ef al., 2012; Netea & Meer,
2017; Quintin et al., 2012; Vivier et al., 2011).

Trained

immunity g

’ Epigenetic

@)
e’
N

Metabolic
reprogramming

r Homeostasis ;;% Q

modifications

Strength of innate immune response

T Altered Long-term
Tolerance responsiveness effects
) Time
Primary Secondary
stimulation stimulation

Figure 8: Defining trained immunity as a functional program of innate memory in contrast to immune
tolerance (Netea et al., 2020)
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It is notable that in TRIM, cells return to their baseline state after the initial stimulus, which induced persistent
epigenetic changes (Divangahi et al., 2021). While activating resting monocytes and macrophages, e.g., through
toll-like receptor (TLR) signaling also induces histone modifications that promote transcription of inflammatory
genes by enriching open-chromatin regions, these modifications are transient and diminish when ligands are no
longer binding (Medzhitov, 2001). Re-stimulation of these activated cells before the initial stimulus subsides
results in an enhanced inflammatory response, referred to as priming (Divangahi ef al., 2021). In contrast, innate
immune tolerance leads to functional deficits associated with temporary epigenetic changes, resulting in reduced
function upon restimulation (Figure 8) (Cheng et al., 2016). While the induction of tolerance serves as a counter-
regulatory mechanism to decrease potential harmful collateral damage in tissues in response to inflammation
(Hamdi et al., 2007), prolonged or excessive activation can induce immune paralysis. This state may have
detrimental effects, increasing susceptibility to secondary infections (Medzhitov et al., 2012). Resolution of
inflammation is a coordinated and active process aimed at restoration of tissue integrity and function (Ortega -
Gomez et al., 2013).

The molecular mechanisms underlying the acquisition and maintenance of a 'trained' state are not completely
understood (Hajishengallis et al., 2023). However, the altered responsiveness to a specific subset of inflammatory
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genes responsible for the enhanced response is characterized by changes in chromatin organization, transcription
of long non-coding RNAs (IncRNAs), DNA methylation, and reprogramming of cellular metabolism (Divangahi
et al., 2021; Netea et al., 2020). Glycolysis, glutaminolysis, mevalonate synthesis, fatty acid metabolism, and
cholesterol metabolism, along with changes in oxygen consumption and oxidative phosphorylation (OXPHOS),
are indispensable for the induction of the epigenetic changes associated with trained immunity (R. J. Arts, B.
Novakovic, et al., 2016; Cheng et al., 2014; Dominguez-Andrés et al., 2019).

3.1.3  Clinical Implications and Therapeutic Potential of Trained Innate Immunity

Given the relatively brief life span of tissue-resident cells of the innate immune system, with a half-life of 5-7 days
according to literature (Yona et al., 2013), it is not unexpected that systemic induction of TRIM relies not only on
tissue cell populations (peripheral trained immunity), but on profound changes in metabolic and epigenetic
pathways in bone-marrow progenitor cells (central trained immunity) to induce long-lasting effects (Cirovic et al.,
2020; Geckin et al., 2022; Kleinnijenhuis ef al., 2013).

TRIM can be seen as a novel framework for understanding the role of chronic inflammation in health and disease
(Figure 9). Regulating trained immunity therapeutically can be applied not only to address immunodeficiencies,
in the form of counteracting immunosuppression or immune paralysis, and enhancing resistance to infections, but
also for managing hyperinflammation, autoimmune diseases, and chronic kidney disease. The inhibition of trained
innate immunity serves also as a potential strategy against lifestyle-related risk factors, which have been shown to
induce trained immunity in both in vitro and in experimental animal models (Bekkering et al., 2021; Christ et al.,
2018; Ochando et al., 2023; Riksen et al., 2023; Sviridov et al., 2022). Identifying molecular targets is
indispensable for developing potential pharmacological therapies.
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Figure 9: The role of trained immunity in health and disease (van Leent ef al., 2022)
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Recent research has uncovered fascinating insights into the transmission of trained immunity across generations.
In murine models, descendants of ancestors who survived Candida albicans infections inherited cellular,
developmental, transcriptional, and epigenetic alterations that enhanced immune responsiveness and provided
increased protection against infections in subsequent generations (Katzmarski et al., 2021). Kaufmann et al.
attempted to reproduce these findings but observed no significant difference in infection outcomes between the
offspring of trained and non-trained parents, suggesting variability in the heritability and expression of trained
immunity across different experimental conditions (Kaufmann et al., 2022).

3.1.4  Hypothesis: Role of GILZ in Trained Innate Immunity
Originally identified as a pivotal mediator of the anti-inflammatory properties of glucocorticoids in immune cells,
the glucocorticoid-induced leucine zipper (GILZ) governs essential functions of macrophages, including cytokine
production and host defense (Ayroldi & Riccardi, 2009; Ellouze ef al., 2020; Hoppstédter et al., 2015; Souza et
al., 2022; Vago et al., 2020). Alterations in immunometabolism can also be attributed to GILZ activity (Legroux
et al., 2024). Based on the dual roles of GILZ in promoting resolution of inflammation, as discussed in Chapter 1,
and its established association with immune tolerance (Cohen et al., 2006; Hoppstadter et al., 2015), we
hypothesized that low levels of GILZ may induce trained immunity. This hypothesis is grounded in the potential
for reduced GILZ expression to skew macrophage phenotypes toward a heightened inflammatory state, thereby
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augmenting their responsiveness and memory to subsequent pathogen encounters. It is noteworthy that trained
immunity and immune tolerance represent distinct yet interconnected processes, with recent studies highlighting
the itaconate synthesis pathway as a pivotal regulatory hub linking these two immunological phenomena
(Dominguez - Andrés et al., 2019).

TRIM relies heavily on the establishment of epigenetic modifications, primarily through posttranslational histone
modifications, DNA methylation, chromatin remodeling, and the production of IncRNAs (Hu et al., 2022). Histone
methyltransferases (HMTs) and histone acetyltransferases (HATs) are particularly critical in this process (Saeed
et al., 2014). However, histone deacetylases (HDACs) also play a significant role, given the tight interconnection
between immunometabolism and epigenetics in TRIM (Robinson et al., 2023). Lactate, the end product of
anaerobic glycolysis, inhibits HDAC activity (Arts, Joosten, Netea, 2016). Furthermore, critical metabolic
intermediates such as NAD" and acetyl-CoA, altered in trained monocytes, serve as cofactors or substrates for
numerous HDACs and HATs, affecting their activity (van der Heijden et al., 2018). The fatty acid metabolite
butyrate, related to trained immunity, has also been shown to inhibit HDAC activity (Fanucchi et al., 2021).
GILZ has been previously investigated for its role in HDAC-mediated transcriptional repression. A study showed
co-immunoprecipitation of GILZ with HDACI, but not other HDACs, suggesting that GILZ recruits class I
HDAC: to inhibit transcriptional activity (Shi et al., 2003). Supporting this, Bruscoli et al. (2010) demonstrated
that GILZ specifically interacts with HDACI, but not HDAC2, mediating the antimyogenic effects of
glucocorticoids (Bruscoli et al., 2010). These findings support our hypothesis that GILZ is involved in TRIM,
through its interactions with HDACs.
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Figure 10: Cellular, molecular, metabolic, and epigenetic approaches to study trained immunity (Ochando

etal., 2023)
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Given its influence on essential functions of macrophages, we hypothesized that GILZ plays a role in modulating
the trained immunity process. Initially, we tried to investigate the role of GILZ in the induction of trained immune
memory in fully differentiated macrophages. Subsequently, we explored the effects of in vivo f-glucan vaccination
in a mouse model of LPS-induced sepsis, assessing TNF and IL-6 serum levels, as well as immune cell composition
in the lungs. Finally, we successfully induced TRIM in bone marrow (BM) cells obtained from WT, GILZ KO,
and GILZ TG mice to compare the extent of training in macrophages based on GILZ abundance measuring
immunometabolism, cytokine production, and antimicrobial defense (Figure 10).
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3.2 Results

3.2.1 Training Differentiated Macrophages

In our investigation of trained immunity induction in fully differentiated macrophages, we explored different
training protocols based on literature to evaluate their effectiveness and identify a potential role for GILZ. We
used commercially available whole glucan particles (WGP) as the B-glucan preparation.

We first measured Gilz mRNA levels over the course of the protocol proposed for differentiated macrophages
(Benjaskulluecha et al., 2024). Interestingly, Gilz expression significantly increased throughout the resting period
after 24 h of WGP treatment (Figure 11A). Cells going through the entire protocol (WGP for 24 h, followed by
72 h resting before 2 h of LPS stimulation) were trained consistently but to a minimal extent, with a modest
increase of 1.3-fold in TNF levels compared to untrained macrophages (Figure 11B). We hypothesized that the
viability of BMMs after more than 4 days in culture might be negatively affected and thus reduced the resting
period to 48 h, while shortening the stressful WGP treatment to 8 h and prolonging LPS treatment, hoping to see
more pronounced differences in TNF secretion. Unfortunately, we could not induce TRIM under these conditions
(Figure 11C), potentially highlighting the importance of an appropriate rest period to induce the characteristic
epigenetic modifications.

A 25 p=0.005
520 o
24h 48hor72h a Z
T o015
WGPI rest =92
S a
x 510 e
N
G 05
0,0
CO 48h 72h
rest
B 2500, p=0.01 6
o c p=0.006
— 2000 o 5
-]
24h 72h 2h £ © o 8¢
WGP | rest| LPS D 1500 » =T
= L S o3
w § ¢ %sa
= 1000 w2
(= &% z
500 L
0
CO WGP CO WGP
15000 6
ns
BMMs 12500 Ss{ —
8h 48h 16h %10000 _o‘;h °
WGPI restl LPS 2 7500 5 -g 3
— ns .o
L s000 X u‘_’-z ¥
= 2500 Z. Z, ‘2;;
2 A i
0 0
CO WGP CO WGP
15000, —* 6, P=0.001
4 o
'_|12500 ‘s 5 &
E § 4 o
°
8h 16 h E R il
WGP |LPS X &5, S
=2 w %
= =z
g1 ’—@—‘ o
0
CO WGP

Figure 11: Training differentiated macrophages

(A) qRT-PCR detection of Gilz/Tsc2dd3 expression in BMMs after 48 and 72 h of rest after 24 h treatment with
100 pg/ml WGP, relative to untreated cells (n = 3-4 BMM preparations). (B) Cells were treated with 100 pg/ml
WGP for 24 h, followed by 10 ng/ml LPS stimulation for 2 h after 72 h of rest in cell culture media (n =8 BMM
preparations). (C) Cells were treated with 100 pg/ml WGP for 8 h, followed by 100 ng/ml LPS stimulation for
16 h after 48 h of rest in cell culture media (n=10 BMM preparations), or (D) without rest (n=13 BMM
preparations). TNF secretion was measured by ELISA. Each dot represents one independent biological replicate
(mean + SEM), and connected dots represent paired samples indicating the respective untreated control. p-values
were determined by Mann-Whitney U-test. *** p <0.0001
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Finally, we tried a short-term training protocol that has been proposed, involving exposure to WGP for 8 h,
followed by 16 h LPS stimulation (Walachowski et al., 2017). This approach resulted in significantly elevated
TNF levels compared to LPS treatment alone (Figure 11D). But considering the nature of TRIM, it is likely due
to additive rather than sustained effects, aligning more with inflammatory priming (Divangahi et al., 2021), of the
cells rather than trained immunity. We decided not to proceed with GILZ KO and GILZ TG BMMs since none of
these protocols led to a robust and reliable training phenotype in the BMMs.

3.2.2  Training in vivo

We investigated the effects of in vivo training by intraperitoneally injecting mice with B-glucan following an
established protocol (Kalafati ef al., 2020; Moorlag et al., 2020). Seven days post-injection, we assessed the
response to systemic inflammation induced by intraperitoneal LPS administration (4 h), focusing on TNF and IL-
6 serum levels and immune cell composition in the lungs (Figure 12A). LPS-induced sepsis significantly increased
systemic TNF and IL-6 secretion to a similar extent in both B-glucan vaccinated and control animals (Figure 12B).
Flow cytometry analysis revealed that LPS injection dramatically promoted leukocyte recruitment into the lungs,
increasing from 40% to 70%, regardless of B-glucan vaccination (Figure 13). Since -glucan vaccination is known
to induce trained immunity, which is independent of B and T cells, it was unsurprising to observe no changes in B
or T cell frequencies. Gating on viable cells to account for the higher abundance of leukocytes from LPS-induced
sepsis, we found that alveolar macrophages were reduced by the LPS challenge, independent of B-glucan
vaccination. Neutrophils, highly recruited, represented around 50% of the leukocytes detected in the lungs after
the LPS challenge. Interestingly, there was a significantly higher frequency of neutrophils in mice vaccinated with
B-glucan 7 days prior, possibly indicating an inflamed state before the LPS injection. Although less frequent,
monocytes more than doubled in abundance in response to LPS, regardless of vaccination status. Macrophage
recruitment did not seem to be affected by the LPS challenge; however, B-glucan vaccinated mice showed
significantly fewer macrophages 7 days post-vaccination (Figure 13).

Overall, while the LPS challenge effectively induced systemic inflammation, B-glucan vaccination did not
influence the recruitment of leukocytes under septic conditions, suggesting that TRIM has not been induced in the
mice.
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Figure 12: Training in vivo: serum levels

(A) Experimental protocol in 6 months old, male mice. (B) TNF and IL-6 serum concentrations of mice (n = 4)
measured by ELISA. Each dot represents one independent biological replicate (mean = SEM). p values were
generated from one-way ANOVA comparison between groups, followed by Bonferroni post-hoc tests.
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Figure 13: Training in vivo: immune cell populations in the lungs

Frequency and the gating strategy to determine of immune cell populations in the lungs of mice injected with PBS
(co) or B-glucan (BG) 7 days prior to a 4 h LPS challenge (LPS) or PBS control (co) (n = 4). Each dot represents
one independent biological replicate (mean = SEM). p values were generated from one-way ANOV A comparison
between groups, followed by Bonferroni post-hoc tests. * p < 0.05

3.2.3  Training Macrophage Progenitor Cells
Lastly, we conducted experiments involving the training of bone marrow progenitor cells (BMPCs) with -glucan
derived from baker's yeast (Invivogen) following a validated and recognized protocol (Bekkering et al., 2016;
Dominguez-Andrés et al., 2021). Bone marrow cells were isolated from the femurs and tibias of WT, GILZ KO,
and GILZ TG mice and cultured in the presence of B-glucan for 24 hours. Subsequently, the cells were
differentiated into macrophages for an additional 5 days using L929-conditioned media as the source for M-CSF.
After the training period, macrophages were subjected to functional assays to evaluate their cytokine production,
phagocytic activity, and immunometabolism (Figure 14A). To evaluate the impact of trained immunity induction
on macrophage functions, we assessed TNF production levels in trained and untrained macrophages following
LPS stimulation. Trained macrophages exhibited approximately 150% TNF production compared to untrained
macrophages, indicating the successful induction of trained immunity (Figure 14B). We investigated the metabolic
alterations associated with trained immunity induction by measuring the Oxygen Consumption Rate (OCR) and
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Extracellular Acidification Rate (ECAR) in trained macrophages: -glucan priming led to a significant reduction
in OCR to approximately 75% of control macrophages, while maintaining spare respiratory capacity, accompanied
by an increase in ECAR to around 120% of control levels (Figure 14C). These findings suggest a metabolic shift
towards glycolysis in trained macrophages, indicative of enhanced immune activation and effector functions
(Cheng et al., 2014). To assess the antibacterial activity of trained macrophages, we conducted S. typhimurium
and E. coli infection assays. Contrary to our expectations (Ochando et al., 2023), training did not significantly
enhance their ability to combat S. fyphimurium and E. coli infections. However, GILZ overexpression enhanced
antibacterial activity in control macrophages, consistent with previous reports (Figure 14D). This observation
complicates the interpretation of our training experiments, as GILZ expression levels can influence the
antibacterial response of macrophages independently of B-glucan priming.

Notably, the observed effects of trained immunity induction were consistent across all genotypes, including WT,
GILZ KO, and GILZ TG macrophages. TNF production in untrained cells was comparable across the different
genotypes. This suggests that the absence or excess of GILZ did not inherently predispose the progenitor cells to
altered baseline TNF production levels in the macrophages. Consequently, these results indicate that the lack or
overexpression of GILZ did not significantly influence the extent of trained immunity induction in bone marrow
cells.

3.3 Discussion

3.3.1 Training BMPCs vs. BMMs
We successfully induced a state of trained immunity in BMMs by treating BMPCs with B-glucan prior to their
differentiation into BMMs, following the widely recognized and validated protocol established by the most
renowned groups in the field (Bekkering ef al., 2016; Dominguez-Andrés et al., 2021). We therefore adopted it
for our experiments with WT, GILZ KO, and GILZ TG macrophages. However, we did not observe a role for
GILZ in trained immunity using this protocol.
Manipulating GILZ abundance affects multiple stages of the training protocol. Upon B-glucan treatment, the
establishment and maintenance of the trained state can be influenced through epigenetic mechanisms and signaling
following Dectin-1 receptor activation. Additionally, effector functions such as responses to secondary LPS
treatment, antibacterial activity, or energy profiles, can be altered independently from training. GILZ KO
macrophages are known to secrete higher levels of TNF upon LPS treatment, whereas GILZ overexpression
reduces the oxygen consumption rate (Hoppstidter et al., 2015; Legroux et al., 2024).
Conversely, training differentiated BMMs is less established in the field. We also attempted to train differentiated
BMMs using protocols described in the literature (Benjaskulluecha et al., 2024; Saz-Leal et al., 2018;
Walachowski et al., 2017). However, we were unable to successfully induce a state of trained immunity.
Induction of trained immunity in BMMs has also been proposed using a short-term protocol (Walachowski et al.,
2017). In this model, there is no resting period between the 8-hour WGP treatment and the 16-hour LPS
stimulation, suggesting that the impacts of the stimuli may simply be additive. During immune priming, the initial
stimulus activates macrophages and prevents their immune status from returning to baseline before a secondary
challenge. As a result, the response to a second challenge is often additive or synergistic with the initial stimulus
(Foster et al., 2007). Given that the induction of trained immunity is characterized by long-lasting epigenetic
changes, which typically cannot occur within such a short time period, this model may be more aligned with the
concept of priming rather than trained immunity (Divangahi et al., 2021).
Intraperitoneal injection of 500 ug BG did not induce a state of trained immunity in mice, as evidenced by cytokine
production and immune cell recruitment following LPS-induced sepsis. Several factors could have influenced
these results. The mice used were six months old, while most in vivo vaccinations are conducted on younger mice,
suggesting age-related differences in the ability to acquire a trained state (Kalafati et al., 2020; Moorlag et al.,
2020). Additionally, the reproducibility of in vivo experiments can be significantly impacted by the microbiome,
with variations in gut microbiota potentially leading to differing results and contributing to poor reproducibility in
rodent models (Beura et al., 2016; Rosshart et al., 2019). Specifically, research has shown that the gut microbiome
can influence BCG-induced trained immunity, with certain microbes altering immune responses and potentially
affecting the efficacy of immune training (Strazar et al., 2021).
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Figure 14: Training macrophage progenitor cells

(A) Experimental protocol. (B) TNF secretion of WT, GILZ KO, and GILZ TG BMMs treated with 10 ng/ml LPS
(24 h) measured by ELISA normalized to cell protein content, relative to respective control cells from the same
preparation (n = 5-6 BMM preparations per group). (C) Colony-forming units (CFU) after 6 h infection with S.
typhimurium, relative to respective control cells from the same preparation (n = 5-6 BMM preparations per group).
(D) Basal oxygen consumption rate (OCR), extracellular acidification rate (ECAR), and spare respiratory capacity
of trained BMMs were measured with the Seahorse XFe96 Analyzer (n = 5-6 BMM preparations per group). Each
dot represents one independent biological replicate (mean £ SEM), and connected dots represent paired samples
indicating the respective untreated control. p values were generated from one-way ANOVA comparison between
groups, followed by Bonferroni post-hoc tests. *** p < 0.0001

3.3.2  Structural Diversity of f-glucans and their Influence on TRIM
Dectin-1, a C-type lectin receptor, is recognized as the primary receptor for B-glucans, initiating antifungal
responses in innate immune cells (Kalia ef al., 2021). This receptor can bind various ligands, both microbial and
endogenous, leading to versatile Syk- and/or Raf-1-dependent signaling pathways involved in numerous processes
(Mata-Martinez et al., 2022). The primary ligands for Dectin-1 are B-1,3-glucans with B-1,6 branching. Key
properties such as molecular size, polymer length, branching, and solubility significantly influence Dectin-1
activation. For instance, the characterization of WGP has demonstrated strong activation of Dectin-1 due to their
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large particle size and insolubility (Kankkunen et al., 2010). These WGPs, extracted from the cell wall of
Saccharomyces cerevisiae, predominantly consist of long 3-1,3-glucose polymers and are identified as Dectin-1
receptor agonists according to the manufacturer.

Dectin-1’s pivotal role in initiating trained innate immune memory has renewed interest in this receptor. Upon
ligand recognition, the AKT/mTOR/HIF la pathway is activated, driving the necessary metabolic shift towards a
glycolytic phenotype essential for trained immunity (Cheng et al., 2014). The gold standard in the field of trained
immunity research is the highly purified and thoroughly characterized (1—3,1—6)-B-glucan isolated from
Candida albicans SC5314 yeast cell walls, provided by the Williams lab at East Tennessee State University.
However, we did not use this specific preparation in our study. Recent findings indicate that different Dectin-1
ligands can induce distinct signaling pathways, resulting in varied training phenotypes (Cheng ef al., 2024). In our
studies, bone marrow and in vivo training were conducted using a single batch of commercially available B-glucan
preparation (termed ‘from baker’s yeast’), as utilized by the Divangahi lab, to ensure consistency.

It is important to note that f-glucan training can be reversed when concurrently treated with TLR ligands, due to
the activation of NF-kB and AP-1 transcription factors (Cheng et al., 2024). Commercially available -glucan
products are chemically and structurally diverse, containing not only B-glucan but also mannoproteins, lipids,
proteins, chitins, and other macromolecules in varying proportions (Goodridge et al., 2011; Ikeda et al., 2008).
These impurities can bind TLRs in addition to Dectin-1, possibly explaining the high variability in the extent of
macrophage training, particularly in TNF secretion.

The B-glucans used in our study, being commercially sourced, might have contributed to the variability in training
we observed. Using the same batch of B-glucan preparation for all experiments helped maintain consistency, but
the presence of impurities could explain why in some preparations the training phenotype was more pronounced
than in others. In line with the literature, macrophages approximately doubled their TNF secretion in response to
LPS stimulation when trained with B-glucans (Cheng et al., 2024; Ding et al., 2023; Dominguez-Andrés et al.,
2021). This observation supports the notion that the -glucan used in our study, despite their variability, effectively
induced trained immunity in BMMs.

3.3.3  Sex-specific Differences in TRIM
Sex differences, influenced by genes, hormones, and early environmental exposures, undoubtedly affect the
incidence of autoimmune diseases, malignancies, infectious disease susceptibility, and vaccine responses (Klein
& Flanagan, 2016). Sex-biased immune responses are clearly evidenced by diverse X chromosome-linked
mechanisms (Forsyth et al., 2024). Moreover, sex hormones, such as estrogen, progesterone, and testosterone,
directly influence immune cell function and inflammatory capacity, driving epigenetic changes that contribute to
sexual dimorphism, particularly during hormonal shifts like puberty, pregnancy, menopause, and hormone therapy
(Shepherd et al., 2020).
On the other hand, the ImmGen report revealed through RNA and ATAC sequence profiling of immune cells in
male and female mice that there were very few differentially expressed genes between male and female immune
cells, except in certain tissue-specific macrophage populations (Gal-Oz et al., 2019). Bister et al. analyzed
endometrial and peripheral blood immune cells from monozygotic twins, revealing that while genetics
predominantly shaped peripheral blood immune cells, environmental factors, particularly hormonal contraception,
had a stronger influence on the variation observed in endometrial immune cells and soluble proteome, highlighting
tissue-specific nonheritable effects on immune system variability (Bister et al., 2024).
Aside from its intended protection against tuberculosis, BCG has been shown to reduce neonatal mortality by
decreasing the incidence of sepsis and respiratory infections in several epidemiological studies and randomized
trials (Aaby et al., 2011; Biering-Serensen, Aaby, et al., 2017). In light of the substantial influence of sex
differences on immune responses, it is noteworthy that the impact of BCG vaccination varies by sex, with girls
experiencing delayed but more sustained benefits compared to boys, particularly in terms of reducing mortality
and respiratory infections (Biering-Serensen, Jensen, et al., 2017; Roth et al., 2006; Stensballe et al., 2005).
Similar sex-specific trends have been observed with other live attenuated vaccines such as measles and smallpox,
whereas non-live vaccines like diphtheria-tetanus-pertussis and hepatitis B have shown more adverse effects in
girls (Aaby et al., 2012; Aaby et al., 2006).
Current research suggests that the induction of trained immunity may be the primary mechanism underlying the
broad beneficial effects of BCG, possibly explaining the observed sex-specific responses (Arts et al., 2018;
Moorlag et al., 2024). While the production of proinflammatory cytokines after direct stimulation was inhibited,
the induction of trained immunity in vitro by BCG in human monocytes is not altered by the addition of the
important sex hormones estradiol and dihydrotestosterone, nor did they induce training or tolerance in monocytes
themselves (de Bree ef al., 2018).
Culturing BMMs from both male and female mice in sex-matched serum showed that f-glucan training was less
effective in female BMMs cultured with female serum compared to male BMMs cultured with male serum (Earhart
et al., 2023). Notably, female BMMs did not exhibit enhanced responses when cultured with male serum instead
of female serum. In contrast, male cells trained with female serum secreted significantly fewer inflammatory
markers upon restimulation than those trained with male serum. Additionally, Earhart et al. found no differences
in immune training when using tissue culture media supplemented with FBS, which contains pooled serum from
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both sexes or charcoal-stripped FBS, which reduces steroid-based compounds (Cao et al., 2009). BMPCs in our
experiments were isolated from male mice only and culture media was supplemented with FBS.

These findings suggest that sex-specific differences in serum composition may influence the effectiveness of
B-glucan training in macrophages. Given that GILZ expression is modulated by sex hormones - being
downregulated by estradiol - it is pertinent to investigate whether using sex-specific media affects the training of
macrophages in vitro (Whirledge & Cidlowski, 2013). Moreover, glucocorticoid receptor (GR) expression on
circulating leukocytes differs between healthy males and females, with lower leukocyte GR levels in females (Lu
et al., 2017). Research has demonstrated a higher hepatic GILZ response in females compared to males due to sex
differences in the pharmacokinetic and pharmacodynamic mechanisms controlling GILZ expression by
corticosteroids in vivo (Ayyar et al., 2019). Additionally, sex-specific cellular heterogeneity in the heart has been
highlighted, with GILZ being the most sexually dimorphic macrophage gene (Michel et al., 2022). These studies
collectively suggest that GILZ expression is influenced by sex-specific factors and hormonal regulation. Therefore,
future studies should consider the impact of sex-specific hormones on GILZ expression and its role in trained
immunity. Conducting in vitro experiments with sex-specific media and in vivo studies could reveal unknown sex-
specific differences in the role of GILZ in trained immunity.
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Figure 15: Inspirational autograph from Prof. Mihai Netea, the leading authority in trained immunity research,
written in my lab book at the Keystone Symposium 2022 on Innate Immune Memory in Banff, Canada.
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Chapter 4 Materials and Methods

4.1.1  Materials

RPMI-1640 cell culture media (#R0833), 200 mM L-glutamine (#G7513), 1% penicillin/streptomycin (#P4333),
Accutase (#A6964), mitomycin C (#10107409001), antimycin A from Streptomyces sp. (#A8674), gentamicin
(#G1397), dihydroethidium (DHE) (#37291), eplerenone (#E6657), mifepristone (#475838), and gelatin type A
(#G1890) were from Sigma-Aldrich. FBS (#P040-37500) and Panexin BMM Serum Substitute (#P04-951SA2)
were obtained from PAN Biotech. Ultrapure lipopolysaccharide (LPS) from E. coli K12 (#tlrl-peklps), nigericin
(#tlrl-nig), and ATP (#tlrl-atpl) were purchased from Invivogen. TE buffer (#A0386.1000), and DMSO
(#A3672-0250) were from AppliChem, M-CSF (#130-101-705), and premium grade, recombinant mouse
interleukin 4 (IL-4) from E. coli (#130-097-760) from Miltenyi Biotech, and mouse recombinant interferon gamma
(IFN-y, #87389.100) from Biomol. Dexamethasone came as a pharmaceutical-grade injection solution designated
for human use (PZN 02740534). Primers for qRT-PCR were purchased from Eurofins Genomics. Other chemicals
were obtained from either Sigma-Aldrich or Carl Roth unless stated otherwise.

412  Mice

Animal housing and all experimental procedures were approved by the local animal welfare committee (AZ
2.4.1.1). C57BL/6J mice were housed in individually ventilated cages in a temperature and humidity-controlled
room (22-24°C, 45-65 relative humidity) and a 12 h light/dark cycle. Water and food were provided ad libitum.
Mice were age and sex-matched within experimental sets. B6.129P2-Lyz2™!/J mice with Cre recombinase
expression under the endogenous Lyz2 promotor of the myeloid cell lineage were considered WT. Crossing these
animals with mice bearing loxP sites up and downstream of Gilz exon 6 resulted in a myeloid-specific knockout
of GILZ (B6.129P2-Tsc22d3ff Lyz2m!erotfo/T GILZ KO). Both strains were described previously (Hoppstidter et
al., 2015). In addition, mice bearing a Tsc22d3/Gilz-1 cDNA knock-in under the control of the ROSA26 promoter
preceded by a loxP-flanked stop cassette (Carceller et al., 2016) were crossed with B6.129P2-Lyz2m!crlfo/j mice,
resulting in myeloid-specific GILZ overexpression. These animals (BL6Tsc22d3Rosa26EGEPie] yzptml(erellfo/ ) gre
designated as GILZ overexpressing or transgenic (GILZ TG).

4.1.3  Cell Culture Conditions
Cells were cultured in a humidified incubator at 37°C and 5% COz in RPMI-1640 cell culture media supplemented
with 10% FBS, 1% 200 mM L-glutamine, and 100 units/ml penicillin/streptomycin (P/S) unless stated otherwise.
High salt conditions were achieved by adding sterile, certified endotoxin-free NaCl solution (Sigma Aldrich,
#S5150) to cell culture media to increase the NaCl concentration by 40 mM for indicated incubation times.

4.1.4  Mouse Genotyping
Genotypes of the GILZ TG mice were tested up until the F2 generation of two homozygous
LysM (+/+) RosaGILZ (+/+) breeding pairs. DNA for genotyping reactions was obtained by proteinase K (Roche,
#03115836001) digestion in Taq buffer (Genscript, #E00007) of ear biopsies or hairs (1 h, 55 °C).

Table 1 Primers used for mice genotyping.

Name Primer sequence (5'—3") Explanation

oIMR3066 CCCAGAAATGCCAGATTACG 0IMR3066 and oIMR3067 detect LysMCre (750bp).
oIMR3067 CTTGGGCTGCCAGAATTTCTC 0IMR3067 and oIMR3068 detect WT Cre (350bp)
oIMR3068 TTACAGTCGGCCAGGCTGAC at 64 °C annealing temperature.

RosaGILZ 1 AAAGTCGCTCTGAGTTGTTAT RosaGILZ 1 and RosaGILZ 2 detect Rosa26GILZ
RosaGILZ 2 GCGAAGAGTTTGTCCTAACC (300bp). RosaGILZ 2 and RosaGILZ 3 detect WT
RosaGILZ 3 GGAGCGGGAGAAATGGATATG GILZ (600bp).

The presence of LysM-Cre in the offspring DNA was tested by PCR with Kapa2G Fast HS Genotyping Mix (Kapa
Biosystems, #KM5606) with the primers depicted in Table 1. The PCR reaction comprised 3 min at 95°C, 40
cycles of 15 s at 95°C, 15 s at the primer-specific annealing temperature, and 20 s at 72°C, followed by 2 min at
72°C. The primer-specific annealing temperature for oIMR3067 and oIMR3068 is 64°C, and for oIMR3066 and
0IMR3067 is 62°C.

The presence of the Tsc22d3/Gilz-1 cDNA knock-in under the control of the ROSA26 promoter was tested by
qRT-PCR with HOT FIREPol EvaGreen qPCR Mix Plus (no ROX) (Solis Biodyne, #082500020) and the primers
listed in Table 1. The PCR protocol comprised 15 min at 95°C, 40 cycles of 30 s at 95°C, 30 s at the primer-
specific annealing temperature, and 30 s at 72°C. The primer-specific annealing temperature for RosaGILZ 1 and
RosaGILZ 2 is 56°C, and for RosaGILZ 1 and RosaGILZ 3 is 64°C. For all genotyping reactions, specific PCR
products were detected by melting curve analysis and agarose gel electrophoresis against a negative and positive
control.
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4.1.5 Generation of BMMs
Bone marrow-derived macrophages (BMMs) were obtained from 10- to 23-week-old WT, GILZ KO, and GILZ
TG mice as described previously (Hoppstadter et al., 2016). Mice were sacrificed, and femurs and tibias were
removed. The bone marrow (BM) was flushed out with cell culture medium using a 27G cannula and passed
through a 100 pm cell strainer before erythrocyte lysis in hypotonic buffer (155 mM NH4Cl, 10 mM KHCO:s,
1 mM Na2EDTA) at 37°C for 3 min. Cells were either resuspended in FBS with 10% DMSO for cryopreservation
or in cell culture medium supplemented with M-CSF (50 ng/ml) for differentiation to BMMs (BMM medium).
Cryopreserved cells were cooled to -80°C using the MrFrosty™ device (Thermo Scientific, #5100-0001) and
transferred into liquid nitrogen for long-term storage. Bone marrow cells were incubated overnight in 30 ml of
BMM medium in a T75 flask. On the next day, non-adherent cells were transferred to a fresh cell culture flask and
incubated for 5 more days in 45 ml of BMM medium in a T175 flask. Subsequently, cells were washed once with
PBS, detached with Accutase, and counted using the LUNA-FL™ Automated Fluorescence Cell Counter (Logos
Biosystems) with Acridine Orange/Propidium Iodide staining according to the manufacturer’s protocol. The viable
cell count was used to calculate seeding densities. All cell preparations had a viability of at least 95%. BMMs were
seeded and treated in BMM medium according to the specified conditions for each assay.
While Gilz was absent in GILZ KO BMMs, its expression in GILZ TG BMMs exceeded the endogenous
expression by about 10-fold (Figure 3).

4.1.6 RNA Sequencing (RNA-Seq)

For transcriptome analysis of BMMs from WT, GILZ KO, and GILZ TG mice, next-generation sequencing (NGS)
was performed as described previously (Hoppstédter et al., 2021). 500,000 BMMs (1 ml/well) were seeded in a
12-well plate and treated for 4 h with LPS (100 ng/ml) on the next day. RNA was isolated using the High Pure
RNA Isolation Kit (Roche, #11828665001) according to the manufacturer’s protocol and stored at -80°C. All RNA
samples used for further analysis had an RNA integrity number > 9 according to the analysis in a 2100 Bioanalyzer
(Agilent) using the RNA 6000 Nano Kit (Agilent, #5067-1513). Libraries were prepared from 500 ng RNA.
Poly(A) enrichment was performed on the input total RNA using the NEBNext Poly(A) mRNA Magnetic Isolation
Module (New England Biolabs, #E7490) according to the manufacturer's instructions. The cDNA library
preparation was conducted with the NEBNext Ultra Directional RNA Library Prep Kit for Illumina (New England
Biolabs, #E7420) by Hanna S. Schymik as recommended by the supplier. In brief, first- and second-strand cDNA
synthesis was performed, followed by adapter ligation and PCR amplification of the final library (12 cycles). PCR
cleanup was performed using Agencourt AM-Pure XP beads (Beckmann Coulter, #A63881). Libraries were
sequenced for 1x 75 nt on a NextSeq500 (Illumina) sequencer by Dr. Gilles Gasparoni.

4.1.7 RNA-Seq Data Processing and Analysis

Raw reads were demultiplexed and subjected to quality control through FastQC v0.11.2. Read processing was
performed with grape-nf pipeline (v1.1.3) using Nextflow (v20.10.0) and mapped to GRC38mm10 assembly. The
counts obtained after alignment were used to analyze differential expression using DESeq2 v1.40.2. Principle
component analysis was performed using the CPM values of all annotated protein-coding genes. All analyses were
conducted in the R programming language. DESeq?2 analysis revealed differentially expressed genes (DEGs, p <
0.05) in the comparisons of GILZ KO vs. WT, GILZ TG vs. WT, and GILZ KO vs. GILZ TG under both untreated
and LPS-treated conditions. Subsequently, TPM values of the DEGs from all three contrasts were subjected to k-
Means unsupervised clustering using iDEP 1.12, independently for untreated and LPS-treated cells (Ge et al.,
2018). All data processing and analyses, except for the unsupervised clustering, were performed by Dr. Gilles
Gasparoni. Processed and raw data were deposited in the Gene Expression Omnibus (GEO) database under the
accession code GSE254137.

4.1.8 RNA isolation, Reverse Transcription, and qRT-PCR
Cells were stored at -80°C after the indicated treatment until RNA was isolated using the High Pure RNA Isolation
Kit (Roche, #11828665001) or the Direct-Zol RNA Miniprep Kit (ZymoResearch, #R2052) according to the
manufacturer’s protocol. Reverse transcription was performed using the High-Capacity cDNA Kit (Thermo
Scientific, #4368813) according to the manufacturer’s protocol using 300-500 ng of RNA per reaction. RT
products were diluted in TE buffer (AppliChem, #A0386.1000).
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Table 2 Primers used for gRT-PCR.

Gene Transcript RefSeq Forward sequence (5'—3’) Reverse sequence (5'—3')
(NCBI)
Argl NM 007482.3 ACAAGACAGGGCTCCTTTCAG GGCTTATGGTTACCCTCCCG
Arg?2 NM 009705.3 ATCCCCTCCCTGCCAATCAT CTAGCTTCTTCTGTCCCCGA
Gilz NM 010286.4 GCTGCTTGAGAAGAACTCCCA GAACTTTTCCAGTTGCTCGGG
110 NM 010548.2 GCCCAGAAATCAAGGAGCAT GAAATCGATGACAGCGCCT
Mrcl NM 008625.2 TTCAGCTATTGGACGCGAGG GAATCTGACACCCAGCGGAA
Nfat5 NM 133957.3 AGCTGGAAATGGAACATTGGA CGCACAACATAGGGCTCTTCT
Nirp3 NM 145827.3 AGCCTTCCAGGATCCTCTTC CTTGGGCAGCAGTTTCTTTC
Nos2 NM 010927.3 CTTCCTGGACATTACGACCC TACTCTGAGGGCTGACACAA
Ppia NM 008907.1 GCGTCTCCTTCGAGCTGTTT CACCCTGGCACATGAATCCT
Sgkl NM 001161850.2 CGGTGGACTGGTGGTGTCTT GTCGTACATCTCAGCCGTGTTC

Slc6al2 NM 001381904.1 AGAACTTTACCTCGCCTGTCATG CGTGGATGCCCGATGTAATAC
Inf NM 008361.3 CCATTCCTGAGTTCTGCAAAGG  AGGTAGGAAGGCCTGAGATCTTATC
Vegfa NM 001287058.1 CCACCATGCCAAGTGGTCCC ACCAGGGTCTCAATCGGACG
Ymli NM 009892.4 AAAGCCAGCAGAAGCTCTCCA GAAGAATTGCCAGACCTGTGAC

The qRT-PCR reactions were prepared in technical duplicates or triplicates using HOT FIREPol EvaGreen qPCR
Mix Plus (no ROX) (Solis Biodyne, #082500020) according to the manufacturer's protocol as described previously
(Hoppstédter et al., 2021; Valbuena-Perez ef al., 2020) except that half of the recommended volumes were used.
The qRT-PCR reactions were performed in a CFX96 Real-time PCR Detection system (Bio-Rad) using the primers
listed in Table 2. The qRT-PCR protocol comprised 15 min at 95°C and 40 cycles of 15 s at 95°C, 20 s at 60°C,
and 20 s at 72°C. Quantification was achieved by calculating starting quantities using a standard dilution of a
pGEM®-T Easy Vector plasmid (Promega, #A137A) containing the PCR product or by the 2444 method
normalized to Ppia.

4.1.9 pHrodo™ Phagocytosis Assay

50,000 BMMs (150 pl/well) were seeded into a 96-well plate and incubated overnight. pHrodo™ Red S. aureus
Bioparticles™ (Thermo Scientific, #A10010) were suspended in PBS and treated in an ultrasonic water bath for
15 min at 37°C before adding 5 ul of a 1 pg/ul dilution to each well. Real-time imaging was started immediately
in the Incucyte® S3 Live-Cell Analysis System (Essen BioScience) in the brightfield and red fluorescence channel
(10x objective lens, 400 ms acquisition time). The phagocytic capacity was calculated as the total red object
integrated intensity (RCU x um?*1Image) normalized to cell confluency [%] at the start of the assay as described
previously (Linnenberger et al., 2021).

4.1.10 Salmonella enterica and Escherichia coli Infection Assay

Salmonella enterica subsp. enterica serotype Typhimurium (NCTC® 12023)(Helaine et al., 2010) and Escherichia
coli TOP10 (Invitrogen™) were cultured overnight in LB at 37°C in an orbital shaker. Bacteria were washed once
in PBS and resuspended in BMM media without P/S supplementation to infect BMMs at a multiplicity of infection
(MOI) of 20 with S. typhimurium and an MOI of 100 with E. coli. Bacterial cell count was determined by ODsoo
measurement assuming that an ODeoo of 1 equates to 10° colony-forming units (CFU) in the overnight bacterial
culture. BMMs were seeded the day before infection in a 24-well plate (250,000 cells/well, 0.5 ml). Infection was
synchronized by centrifuging for 5 min at 300 x g and maintained for 30 min. After the infection, BMMs were
washed twice with PBS and cultured in cell culture media containing 100 ng/ml gentamicin for 90 min to kill
extracellular bacteria, after which the gentamicin concentration was reduced to 10 pg/ml. BMMs were lysed in
200 pl Triton-X 100 (1% in water) after a total incubation time of 3 h for E. coli and the indicated time for S.
typhimurium specific to the assay. Lysis was stopped by adding 800 pl LB media. The bacterial load of the infected
BMMs was determined by serially diluting the lysates 1:10 in PBS (200 pl) and plating them out on LB (100 pl
per agar plate) as described previously (Hoppstidter ez al., 2019). Plates were incubated for 24 h at 37°C and CFUs
were counted using ImageJ (Version 1.53k) (Schneider ef al., 2012).

4.1.11 Griess Assay

NO production was assessed by Griess assay as previously described (Linnenberger ef al., 2021). 250,000 BMMs
(0.5 ml/well) were seeded in 24-well plates or 50,000 BMMs (150 pl/well) in 96-well plates the day before. On
the next day, cells were treated as described before 100 ul of supernatant was incubated for 10 min at room
temperature with 90 ul 1% sulfanilamide in 5% phosphoric acid, then 90 pl 1% N-1-naphthylethylenediamine
dihydrochloride (NED) was added and incubated for 5 min until absorbance was measured at A =560 nm in a
GloMax® Discover Microplate Reader (Promega). Absolute concentrations were determined by measuring a
NaNO: standard curve in parallel for each assay. Data were normalized to protein contents measured by the
Pierce™ BCA Protein Assay Kit according to the manufacturer’s protocol (Thermo Scientific, #23227).
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4.1.12 Real-time Caspase-3/7 Activity and Cytotoxicity Detection

50,000 BMMs (150 ul/well) were seeded in 96-well plates and incubated overnight. To induce pyroptosis, cells
were treated for 4 h with LPS (100 ng/ml) and subsequently with ATP (2 mM). Culture media was supplemented
with 4 uM CellEvent™ Caspase-3/7 Green Detection Reagent (Invitrogen, #C10723) and 0.25 uM Incucyte®
Cytotox Red Reagent (Essen BioScience, #4632) as described previously (Dahlem et al., 2020). Real-time imaging
was started immediately after LPS treatment using the Incucyte® S3 Live-Cell Analysis System (Essen
BioScience) in brightfield, red, and green fluorescence channels (10x objective lens, 300 ms acquisition time for
the green channel and 400 ms for the red channel). Total red and green object integrated intensities in red or green
calibrated units (GCU or RCU x pm?/Image) was normalized to the initial cell confluency [%] in each well.
Background fluorescence at the beginning of the assay was uniformly set to 0 for all wells. Spectral unmixing was
set to 1.5% removal of red signal from green as recommended by the manufacturer.

4.1.13 ELISA
500,000 BMMs (1 ml/well) were seeded in 12-well plates or 75,000 BMMs (150 pl/well) in 96-well plates and
incubated overnight. Cells were treated as indicated before supernatants were stored at -80°C. TNF and IL-18
secretion was measured by ELISA (BioLegend #430904, and #432604 respectively) according to the
manufacturer’s protocol. Supernatants were diluted 1:25 in ELISA assay diluent. Data were normalized to protein
contents measured by the Pierce™ BCA Protein Assay Kit according to the manufacturer’s protocol (Thermo
Scientific, #23227) if indicated.

4.1.14 Detection of Reactive Oxygen Species (ROS)

50,000 BMMs (150 pl/well) were seeded in 96-well plates and incubated overnight. Cells were treated for 4 h with
LPS (100 ng/ml). Then, culture medium was exchanged to medium containing ATP (2 mM) and 10 uM
dihydroethidium (DHE). Real-time imaging was started immediately in the Incucyte® S3 Live-Cell Analysis
System (Essen BioScience) in the brightfield and red fluorescence channels (10x objective lens, 400 ms acquisition
time) upon ATP treatment. Total ROS production was determined as the total red object integrated intensity in red
calibrated units (RCU x um*Image) after 30 min normalized to cell confluency [%] at the start of the assay. For
the detection of mitochondrial ROS production, cells were incubated with 5 uM red MitoSOX™ mitochondrial
superoxide indicator (Invitrogen, #M36008) in PBS with 2% FCS. ATP (2 mM) or antimycin A (AA, 10 uM)
were added as indicated.

4.1.15 Agilent Seahorse Cell Mito Stress and Glycolysis Stress Test
50,000 BMMs (150 pl/well) were seeded in Seahorse 96-well cell culture plates (Agilent, #103793-100) the day
before the assay. The Mito Stress test (Agilent, #103015-100) and Glycolysis Stress Test (Agilent, #103020-100)
were performed according to the recommendations in the manufacturer’s protocol in a Seahorse XFe96 Analyzer
(Agilent). OCR and ECAR measurements were normalized to cell count as determined in a Cytation 1 Cell
Imaging Reader (BioTek) from brightfield images taken after the assay using the Gen5 software (Version 3.14) as
described previously (Dahlem ef al., 2020).

4.1.16 Quantification of Mitochondrial DNA Copy Number

Mitochondrial DNA (mtDNA) copy number was determined based on a protocol by (Quiros et al., 2017). Briefly,
DNA was extracted from 250,000 BMMs cultured in 0.5 ml of BMM media per well (12-well plate) using the
DNA Mini Prep Plus kit (ZymoResearch, #D4069) as per the manufacturer’s instructions. Subsequently, qRT-
PCR was employed to measure the gene expressions of mt16S, mtND1, and Hk2, utilizing primer sequences
adapted from the referenced publication. The mitochondrial DNA (mtDNA) copy number was calculated as the
ratio between mtDNA content (mean expression of m¢/6S and mtND1) and nuclear DNA (nDNA) represented by
Hk2 expression.

4.1.17 Flow Cytometry

10° BMMs (2 ml/well) were seeded in 6-well plates. On the next day, cells were detached by gently scraping the
wells with a cell scraper (TPP®), resuspended in 2% FCS-containing PBS, stained for 45 min at 37°C with 0.1 uM
MitoTracker Green FM and Deep Red FM (Invitrogen, #M22426 and #M7514 respectively), and washed with 2%
FCS-containing PBS. Flow cytometry measurements were performed using an LSRFortessa™ (BD Biosciences)
operated by FACS Diva 8.0.1 (BD Biosciences). In each measurement, at least 50,000 events were recorded. MFI
of unstained control cells was subtracted from corresponding stained cells, and background-subtracted MFI values
for WT cells were set as 100%. The pseudocolor plots were generated utilizing FlowJo 10.10.0 software.

4.1.18 BMM-Conditioned Media
BMM-conditioned media for migration and proliferation assays were generated by incubating 10° BMMs in a 6-
well format with 3 ml per well of BMM medium for 24 h starting at the time of seeding. To assess matrix
metalloproteinase (MMP) activity, 75,000 BMMs were incubated in a 96-well format with 150 pl of BMM media
containing Panexin BMM serum substitute instead of FBS for 24 h, starting at the time of seeding.
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4.1.19 Cell Migration and Proliferation Assays
Cell migration and proliferation capacity were measured using the Incucyte® S3 Live-Cell Analysis System (Essen
BioScience) as described previously (Chanda et al., 2024; Dahlem et al., 2020).
To assess migration capacity, 1929 cells (ATCC: CCL-1™) were seeded (50,000 cells per well in 100 pl medium)
in 96-well ImageLock™ plates (Essen BioScience, #BA-04856) and grown to full confluency overnight. Cells
were cultured as described above. On the next day, cells were treated for 2 h with 5 pg/ml mitomycin C and washed
with PBS before every well was scratched uniformly using the WoundMaker™ (Essen BioScience). Detached
cells were removed by washing with PBS before BMM-conditioned medium was added to the cells (100 pl/well).
Plates were immediately placed into the Incucyte® S3 Live-Cell Analysis System (Essen BioScience) and imaged
for relative wound closure [%] at indicated time points.
To assess proliferation capacity, L929 cells were seeded (5,000 cells/well, 100 pl) and incubated overnight. On
the next day, the medium was replaced by BMM-conditioned medium (100 pl/well). Cell confluency was
measured over time in the Incucyte® S3 Live-Cell Analysis System (Essen BioScience) and normalized to starting
confluency in each well.

4.1.20 Gelatin Zymography

Matrix metalloproteinase (MMP) activity was measured as previously described (Toth & Fridman, 2001). In brief,
100 pl of the BMM-conditioned media supernatants were mixed with 4x loading buffer (250 mM Tris pH = 6.8,
40% glycerol, 8% SDS, and 0.01% bromophenol blue in water) and incubated for 15 minutes at room temperature.
Then, 45 pl of the resulting sample were loaded onto a 10-well 1.0 mm 10% SDS-acrylamide gel containing 1
mg/ml gelatin, and electrophoresis was performed. Gels were washed extensively in Triton-X 100 (2.5% in water)
to remove SDS and after a 72-hour incubation at 37°C in a buffer conducive to enzyme activity (50 mM Tris,
5 mM CacClz and 0.02% Brij-35 in water), the gel was stained with Coomassie solution (40% methanol, 10% acetic
acid, and 0.01% Coomassie R250 in water) for 90 minutes. After brief incubation in a destaining solution (20%
acetic acid, and 10% methanol in water), specific MMP activities, indicating gelatin degradation as clear bands on
a dark background, were assessed based on their molecular weights. Conditioned media from each individual
biological replicate were measured in technical duplicates. Gels were scanned with an Odyssey® CLx Infrared
Imaging System (LI-COR Biosciences) and inverted to enhance visibility, presenting bands in black against a
white background. Signals were quantified using the Odyssey® Image Studio software (Version 5.2).

4.1.21 L1929-conditioned Media
The murine fibroblast cell line L929 (ATCC: CCL-1) was cultured for 7 days in a 175 cm? flask containing
5.5x106 cells (on day 0) in 50 ml of complete BMM media. The conditioned media was filtered through a bottle-
top sterile filter (0.2 um pore size) and stored at -80°C.

4.1.22 Western Blot
BMMs (2 ml/well) were seeded in 6-well plates at a density of 10° cells per well. After treatment, cells were lysed
in 200 ul of lysis buffer (1M Tris, pH 6.8, 2.5ml; 10% SDS, 5ml; glycerol, 5ml; water, 28 ml;
B-mercaptoethanol, 2.5 ml; a few crystals of bromophenol blue) supplemented with cOmplete Protease Inhibitor
Cocktail (Roche, #04693124001), and stored at -80°C. The lysates were sonicated with 5 impulses using a Sonifier
250 (Branson) with a duty cycle of 20 and output control of 2 on ice, followed by heating at 95°C for 5 minutes.
For SDS-PAGE, 50 pl of lysate was loaded per lane on a standard 10-well, 1.5 mm polyacrylamide gel, initially
run for 5 minutes, after which an additional 50 pl per lane was added. The gel was a 5-10% gradient gel using
Rotiphorese® Gel 30 with a crosslink-ratio of 37.5:1 (Carl Roth, #3029). Electrophoresis was conducted for a total
of 90 minutes (30 minutes at 100 V and 60 minutes at 120 V). The running buffer consisted of Tris (3.0 g), glycine
(14.4 g), 10% SDS solution (10 ml), and water to 1000 ml.
Protein transfer onto a 0.2 um PVDF membrane (Amersham Hybond LFP Western Blotting Membrane, GE
Healthcare, #10600022) was performed over 17 hours at 4°C with an ice pack in the chamber, using a current of
80 mA. All materials, including the membrane, were soaked in methanol and equilibrated in transfer buffer, which
contained glycine (14.4 g), Tris (3.0 g), methanol (200 ml), and water to 1000 ml. Blocking was conducted for
2 hours in Blocking Buffer (Rockland, #MB-070). The membrane was cut at the 35 kDa marker band to stain the
lower part with anti-GILZ antibody and the upper part with anti-a-tubulin antibody.
Primary antibodies (GILZ at 1:1000, tubulin at 1:2000) were prepared in RBB buffer and incubated in a 4-well
plate (3 ml/well) for 22-24 hours at 4°C. The primary antibodies used were GILZ monoclonal antibody (clone
CFMKGI5) (eBioscience, #14-4033-82) and monoclonal anti-o-tubulin antibody produced in mouse clone
DMIA, ascites fluid (Sigma-Aldrich, #T9026).
Secondary antibody incubation was performed after four 5-minute washes with TBST. The secondary antibodies
were IRDye® 800CW goat anti-mouse IgG (LI-COR, #926-32210) for tubulin and IRDye® 800CW goat anti-rabbit
IgG (LI-COR, #926-32211) for GILZ, used at a 1:10000 dilution (in 3 ml RBB in a 4-well plate). Incubation with
secondary antibodies was performed for 120 minutes at room temperature, followed by two 5-minute washes in
TBST and two 5-minute washes in TBS. Gels were scanned using the Odyssey® CLx Infrared Imaging System
(LI-COR Biosciences). The gel after protein transfer was stained with Coomassie for 1.5 hours and destained
overnight to verify the transfer.
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For HRP detection, Goat anti-rat IgG (H+L) Secondary Antibody, HRP (Thermo Scientific, #31470) was used at
0.4 pg/ml in RBB for 1 hour at room temperature. After three washes with TBST and three washes with TBS,
Clarity™ Western ECL Substrate (Bio-Rad, #1705060) was added, and chemiluminescence was immediately
scanned under auto exposure settings using the ChemiDoc™ MP Imaging System (Bio-Rad).

4.1.23 In vitro BMM B-glucan Training
Fully differentiated BMMs were trained by treatment with dispersible whole glucan particles WGP (Invivogen,
#tlrl-wgp) at the indicated concentrations and incubation times.
BM cells were trained by treatment with 5 pg/ml B-glucan from baker’s yeast (Sigma Aldrich, #G5011) for 24 h.
The powder was stored at 4°C as recommended by the manufacturer. It was resuspended for each experiment in
PBS at a concentration of 1 mg/ml and homogenized by passing it through a 0.4 x 20 mm Sterican® cannula (Braun,
PZN 02050864) until the solution appeared milky white without agglomerates visible by the eye.
BM cells were harvested from the tibias and femurs of WT, GILZ KO and GILZ TG mice as described above.
Cells were passed through a 0.8 x 40 mm Sterican® cannula (Braun, PZN 02050806) and passed through a 100 pm
pore size cell strainer (Greiner, #542000) to remove cell clumps, and resuspended in BMM media containing 30%
L929-conditioned media as the source for M-CSF. Cells of one individual mouse were then split into 43% for
control and 57% for B-glucan-treated cells to account for small cell toxicity. Training consisted of 24 h treatment
of the freshly isolated bone marrow cells with 5 pg/ml -glucan in 30 ml of 30% L929-conditioned BMM media
in a T175 flask. Subsequently, the adherent and non-adherent cells were washed twice with PBS and further
differentiated in 45 ml of 30% L929-conditioned BMM media in a T175 flask for additional 5 days. Cells were
then seeded for assays as described above in 30% L929-conditioned BMM media.

4.1.24 In vivo Induction of Trained Innate Immunity
All experiments involving animals were approved by the McGill University Animal Care Committee in accordance
with the guidelines set out by the Canadian Council on Animal Care. Six-month-old male C57B16/J WT mice were
injected intraperitoneally with 100 pl of 5 mg/ml B-glucan from baker’s yeast (Sigma Aldrich, #G5011), resulting
in 500 pg per mouse, or with PBS as a control using TB syringes (BD, #309626). Seven days later, mice were
injected intraperitoneally with 100 pl of 1 mg/ml LPS (Sigma Aldrich, #L.2654), resulting in 100 ug per mouse,
or PBS as a control using TB syringes (BD, #309626). After 4 hours, 1 ml of blood and the lungs of each mouse
were harvested.
Lungs were perfused with PBS and digested in 2 ml of cell culture media containing 150 U of Collagenase IV
(Sigma-Aldrich, #C5138) for 60 minutes at 37°C. Two ml of ACK lysis buffer (Gibco, #A10492-01) was then
added to each preparation and incubated for 2 minutes at room temperature before lysis was stopped by the addition
of PBS. Cells were centrifuged and resuspended in 1 ml of cell culture media, then counted with a hemocytometer
using 1:40 Trypan Blue (Gibco, #15250061).
Cell culture media consisted of RPMI 1640 (Gibco, #11875-093) supplemented with 10% FBS (Wisent, #080150),
2 mM L-glutamine (Gibco, #25030-081), 1 mM sodium pyruvate (Gibco, #11360-070), 100 U/ml penicillin and
100 mg/ml streptomycin (Anti-Anti, Gibco, #15240-062), 2% HEPES (Gibco, #15630-080), 1% MEM non-
essential amino acids (Gibco, #11140-050), 1% MEM essential amino acids (Gibco, #11130-051), and 70 mM
sodium hydroxide.
Four million cells were stained for flow cytometry. Cells were stained in 100 pl of Fixable Viability Dye eFluor™
506 (1:1000 in PBS, eBioscience™, #65-0866-18) for 30 minutes at 4°C. After washing in FACS buffer (BD
Pharmingen™, #554656), cells were stained in 50 pl of antibody mix (1:100 in FACS buffer) for 30 minutes at
4°C. The antibodies used were CD3-FITC (BD Pharmingen™, #553061, clone 145-2C11), CD19-BUV395 (BD
Horizon™, #563557, clone 1D3), Ly6G-PerCP-eFluor™ 710 (eBioscience™, #46-9668-82, clone 1A8-Ly6G),
F4/80-APC-eFluor™ 780 (eBioscience™, #47-4801-80, clone BMS), CD45.2-BUV737 (BD Horizon™,
#612779, clone 104), CD11b-BV605 (BD Horizon™, #563015, clone M1/70), Siglec-F-BV786 (BD OptiBuild™,
#740956, clone E50-2440), Ly-6C-APC-Cy™7 (BD Pharmingen™, #560596, clone AL-21), and Fc block
(eBioscience™, #14-0161-82). Cells were washed in FACS buffer, resuspended in 100 pl of 1% PFA, and stored
at 4°C until measurement.
Flow cytometry was performed using an LSR Fortessa X-20 (BD Biosciences) with BD FACSDiva (version 8.0.1)
in FACSFlow™ Sheath Fluid (BD Biosciences, #342003). Measurements were conducted in polystyrene round-
bottom tubes with cell-strainer caps (Corning, #352235). At least 500,000 events were measured per staining. The
threshold was set to 5,000 events/sec. Each staining was verified using its respective FMO control. Compensation
was performed using 20 pl of UltraComp eBeads™ compensation beads (Invitrogen, #01-2222-42) and 1.5 pl of
antibodies in sheath buffer. Data analysis was conducted using FlowJo (version 10.10).
Blood was harvested by cardiac puncture and collected in BD Microtainer® SST™ tubes (BD, #365967) for
cytokine analysis in the serum. TNF and IL-6 levels were measured by ELISA using mouse TNF and IL-6 DuoSet
ELISA kits (R&D Systems, #DY410-05 and #DY406-05, respectively) according to the manufacturer’s protocol
in Nunc MaxiSorp™ clear flat-bottom 96-well plates (Invitrogen, #44-2404-21). The wash buffer was 0.05%
Tween® 20 in PBS, reagent diluent was 1% Bovine Serum Albumin Fraction V (Roche, #10735094001) in PBS,
substrate solution was a 1:1 mixture of Peroxidase Substrate (TMB) (Thermo Scientific, #1854050) and Peroxide
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Solution (Thermo Scientific, #1854060), and stop solution was 2N sulfuric acid. Serum samples were diluted 1:1
in reagent diluent for analysis.

4.1.25 RAW-Blue™ Reporter Cells

NF-«B activation was measured using the mouse macrophage reporter cell line RAW-Blue™ (Invivogen, #raw-
sp). According to the manufacturer, the cells stably express a secreted embryonic alkaline phosphatase (SEAP)
gene inducible by NF-kB and AP-1 transcription factors, making NF-kB and AP-1 activation detectable using
QUANTI-Blue™, a SEAP detection medium. 100,000 RAW-Blue™ cells (200 pl/well) were seeded in 96-well
plates according to the manufacturer’s protocol and treated as indicated for 24 h. Subsequently, 20 pl of the
supernatant was incubated with 180 ul QUANTI-Blue™ detection medium for 2.5 h at 37°C and absorbance was
measured at A = 600 nm in a GloMax® Discover Microplate Reader (Promega).

4.1.26 Data Representation and Statistics
Visualization, advanced analysis, and all statistical tests were performed in Origin Lab 2018b and in GraphPad
Prism (Version 10.1). Data are presented as means + standard error of the mean (bars). Each dot within the bar
graphs represents one independent cell preparation from one biological replicate or mice. The mean of two groups
was tested for statistical significance using the Mann-Whitney U-test. Statistical significance across all genotypes
(mean of 3 groups) was assessed through one-way ANOVA (for single time point comparisons) and two-way
ANOVA (for multiple time points) both followed by Bonferroni post-hoc tests.
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