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1. Introduction

1.1. Pulmonary hypertension

Pulmonary hypertension (PH) is a critical, progressive, and fatal cardiopulmonary disorder
characterized by pulmonary vascular remodeling and an increase in mean pulmonary artery
pressure (MPAP) above 20 mmHg, leading to right ventricular (RV) failure and death. This
vascular remodeling is characterized by thickening of the intima, medial and/or adventitial
layers of the pulmonary vessels (1). The pathogenesis of PH involves complex interactions
between different cell types within the lung, including vascular cells, immune cells and
circulating cells. Dysfunction of pulmonary artery endothelial cells (PAECs) due to shear stress
or vascular injury triggers the overproduction of growth factors and proinflammatory cytokines
that promote hyper-contractility, proliferation, and an apoptotic-resistant phenotype in
pulmonary artery smooth muscle cells (PASMCs) and pulmonary artery adventitial fibroblasts
(PAAFSs), associated with remodeling of the extracellular matrix (ECM) production (2). Genetic
factors, epigenetic alterations, metabolic reprogramming, and abnormal mitochondrial

dynamics also play a crucial role in these pathological processes (3-6).

PH is clinically categorized into five groups based on the underlying causes (7, 8).

Group 1 PH: known as pulmonary arterial hypertension (PAH): this includes idiopathic or
familial PAH with or without germline mutations, as well as PAH triggered by viruses (e.g., HIV)
or exposure to drugs and toxins.

Group 2 PH: It is associated with left heart disease and is the most common cause of PH (9).
Group 3 PH: Caused by hypoxia or lung diseases such as pulmonary fibrosis, chronic
obstructive pulmonary disease (COPD), emphysema, or interstitial lung disease.

Group 4 PH: Associated with chronic thromboembolic pulmonary hypertension (CTEPH) and
occlusion of the proximal pulmonary arteries.

Group 5 PH: Caused by multifactorial or unclear mechanisms.

Despite advances in the diagnosis and treatment of PH over the last two decades, the disease
remains incurable. Current therapies focus on three key pathways that regulate pulmonary
vascular tone and cell proliferation: the nitric oxide pathway, the prostacyclin pathway and the
endothelin pathway. New approaches such as the development of drugs that target specific
molecular signaling pathways (e.g. platelet-derived growth factor (PDGF), Bone
morphogenetic proteins/ Transforming growth factor-f (BMP/TGF-R)) are currently being
investigated (10). Understanding the comprehensive pathophysiology of PH is crucial for the
development of more effective treatments that could improve the quality of life and survival

rates of patients with this debilitating disease.



1.1.1. RV remodeling and failure

Chronic RV hypertrophy and failure, as seen in pathological conditions such as PH, are
characterized by dilation of the RV lumen and thickening of the RV wall. These changes are
associated with reduced exercise tolerance, poor functional capacity and reduced cardiac
output (CO) and often lead to death in PH patients. In the initial stages of RV remodeling, the
RV adapts by increasing its afterload to maintain CO and function, which is referred to as the
adaptive phase. This hypertrophy enables the heart to generate significant pressure to
counteract the increasing afterload. However, prolonged pressure overload leads to
maladaptive RV function and subsequent uncoupling of the RV and pulmonary artery, termed
the maladaptive phase (11). Numerous studies have investigated the cellular and molecular
mechanisms underlying the adaptive and maladaptive phases of RV remodeling and the
transition phase. At the cellular level, key features include cardiomyocyte hypertrophy, immune
cell infiltration, cardiac fibroblast hyperproliferation and their transition to myofibroblasts (12).
In these studies, excessive collagen and ECM deposition, impaired angiogenesis, ischemia,
inflammation, metabolic dysregulation, mitochondrial dysfunction, impaired neurohormonal
homeostasis, and increased reactive oxygen species (ROS) production were found to
contribute to RV remodeling and failure (13-16). Integration of RV transcriptomes with plasma
proteomes from PAH patients has shown that the ECM proteins, Nidogen (1NID1), C1g/TNF-
Related Protein 1 (C1QTNF1) and Cartilage acidic protein 1(CRTAC1) are deregulated in
decompensated RV patients, suggesting that they may serve as biomarkers to identify the

development of a maladaptive RV state (17).

Examination of the transcriptomic signature of RV failure in two different PH rat models, the
monocrotaline (MCT) and Sugen hypoxia models, revealed enrichment of signaling pathways
related to endothelial-to-mesenchymal transition, inflammation, and metabolism (18).
Multiomics integration analysis of proteome and RNA sequencing data from RV samples of
MCT rats revealed significant enrichment in purine and ribose metabolism, mitochondrial and
respiratory chain, and cellular respiration (19). Therefore, a comprehensive understanding of
the molecular and cellular mechanisms responsible for RV hypertrophy and failure in PH is
critical for the development of targeted therapeutic strategies to improve outcomes in these

patients.

1.2. Cardiovascular disease

Cardiovascular disease (CVD) remains a major global health problem and is the leading cause
of death worldwide. They include a broad spectrum of diseases of heart and blood vessels,
such as stroke, heart failure (HF), hypertensive heart disease, rheumatic heart disease and

peripheral arterial disease. As the main cause of morbidity and mortality, CVD represents a
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major financial burden for healthcare systems and has a significant impact on quality of life
and life expectancy. In 2016, almost a third of global deaths were due to CVD and it is predicted
that this number could rise to over 23 million by 2030. Although the age-adjusted mortality rate
for CVD has fallen by 27.3% in recent decades, the total number of deaths increased by 42.4%
between 1990 and 2015, highlighting the growing burden of this disease on societies
worldwide (20, 21).

1.2.1. Myocardial infarction

Myocardial infarction (Ml), also known as heart attack, is the most common cause of HF in the
Western world (22). Ml is a critical CVD characterized by irreversible damage to myocardial
cells as a result of prolonged ischemia due to coronary artery occlusion (23). This cell loss
triggers a cascade of biochemical and structural changes in the heart that initiate processes
such as necrosis, apoptosis, inflammation and dedifferentiation in the infarct border zone (24).
These changes contribute to myocardial remodeling, which involves dilatation and hypertrophy
of the myocardium and the formation of a collagen scar to compensate for the damaged tissue
(25).

Remodeling after Ml is divided into early and late phases, with the early phase characterized
by expansion of the infarct zone (26) and the late phase involving global left ventricular dilation
and hypertrophy (26). Mechanistic markers such as the release of transforming growth factor-
B (TGF-B) and increased levels of natriuretic peptides, particularly NT-pro BNP, play a
prominent role in these processes (27). In addition, the infiltration of immune cells, including
macrophages, monocytes and neutrophils, into the infarct zone is crucial for the initiation and
maintenance of the inflammatory response required for tissue repair (25). The
pathophysiological changes following an infarction can significantly impair the heart's ability to
pump blood efficiently and lead to HF (28). After MI, the heart undergoes cellular and
neurohumoral changes that impair its function and structure. The acute loss of myocardium
increases loading conditions and leads to ventricular remodeling, which continues until an
equilibrium is reached between the stretching forces and the tensile strength of the collagen
scar (29). Key mechanistic markers include increased noradrenaline levels and activation of
the renin-angiotensin-aldosterone system, which drive compensatory mechanisms but also
contribute to further deterioration (30). Factors such as infarct size and location, recurrent
ischemia, and the extent of myocardial stunning influence the extent of remodeling and the risk
of HF (31). As the heart struggles to compensate, symptoms such as volume overload,
tachycardia and dyspnea manifest, highlighting the complex interplay of cellular dysfunction

and neurohormonal activation in the progression of HF (28).



1.3. Inflammation and immune dysregulation in PH

Inflammation is a common feature of various forms of PH, with recent studies emphasizing the
important role of chronic inflammation and immune system dysregulation in the pathogenesis
of PAH (32). Hypoxia, a major trigger of immune and inflammatory responses, plays a critical
role in mediating complex vascular homeostasis, which in turn controls vascular remodeling in
the lung. This process is characterized by the persistent infiltration of immune cells and the
elevation of numerous proinflammatory factors, ultimately leading to immune dysregulation
(33). Specific immune cell activities such as the recruitment of monocytes and macrophages,
the infiltration of T and B cells and the dysfunction of regulatory T cells and the increase of
classical dendritic cells (cDCs) and monocyte-derived dendritic cells (mo-DCs) in the
perivascular area are associated with the initiation and exacerbation of PAH (34-38). In the
MCT rat model, reducing these inflammatory cells by inhibiting the chemokine CXC motif
chemokine 12 (CXCL12) (NOX-A12), which attracts and activates immune cells, improved
hemodynamics and pulmonary vascular remodeling (38). The presence of tertiary lymphoid
tissue and extracellular neutrophil traps in plexogenic lesions, as well as circulating
inflammatory cytokines, chemokines and proteases, is further evidence of the inflammatory
nature of PAH (39, 40).

PAECs and inflammatory cells are both important sources and targets of chemokines and
cytokines that drive pulmonary vascular remodeling in PH (41). Prominent proinflammatory
cytokines such as interleukin 6 (IL-6) and interleukin 1B (IL-1B) can directly influence the
proliferation, migration and differentiation of PAECs, PASMCs and immune cells (42, 43). IL-
1B and tumor necrosis factor (TNF)-a are associated with the accumulation of ECM proteins
such as fibronectin observed in PAH lesions (44). Dysregulated expression of chemokines and
cytokines, including IL-6, interleukin 8 (IL-8) and interleukin 10 (IL-10), has been associated
with poorer clinical outcomes in PAH patients and serves as a biomarker for disease
progression (45, 46). Elevated levels of these inflammatory mediators have been detected in
remodeled pulmonary vessels, where they promote recruitment of additional immune cells and
vascular remodeling (37). Loss-of-function mutations in the BMPR2 gene, the most common
genetic cause of PH, are associated with significant inflammation and immune dysregulation.
This increased inflammation, together with impaired TGF- signaling, promotes pulmonary
vascular remodeling and exacerbates the disease (47). Consequently, the study of these
inflammatory processes holds great potential for the development of novel therapeutic

approaches aimed at modulating immune responses to treat PH (48).

1.4. The bone marrow niche and hematopoietic stem cells



The bone marrow (BM) is the major hematopoietic organ in adults, playing a vital role in the
continuous generation of blood and immune cells throughout life. Hematopoietic stem cells
(HSCs) are housed in specialized microenvironments in the BM niches, which are essential for
regulating the behavior and function of HSCs. The concept of the hematopoietic niche was first
introduced in 1978 and described as an environment in which stem cells interact with the
surrounding cells that determine their behavior (49). These niches are primarily located within
the trabecular bone and consist of various cell types such as endothelial cells (ECs),
mesenchymal stromal cells (MSCs), osteolineage cells and adipocytes, all of which support

the maintenance and function of the HSC (50).

The adult BM circulation is highly vascularized and is innervated by sympathetic and
parasympathetic nerve fibers, creating a complex network that facilitates signaling pathways
involving cytokines, chemokines and hormones. This signaling network modulates HSC
activity in response to various physiological stimuli, including normal cell turnover, circadian
rhythm, hematopoietic replenishment requirements, and immune response to damage or
infection. These niches are primarily located in perivascular regions, which are further
subdivided into sinusoidal and arteriolar compartments (51). The spatial positioning of HSCs
in these compartments is thought to influence their quiescence and cell cycle activation, as the
sinusoidal regions may provide better access to nutrients, cytokines and oxygen, which are
critical for cell cycle progression (52). However, some studies have also identified dormant
HSCs near the sinusoids, indicating an ongoing debate about the exact structure of the niche
and the organization of HSCs (53). Leptin receptor-positive (LepR*) MSCs and ECs are key
components of the BM niche that contribute to the maintenance of HSCs through the secretion
of factors such as CXCL12 and stem cell factor (SCF) (54, 55). ECs also support
hematopoiesis through their secreted molecules and surface signaling that directly interact

with hematopoietic progenitor cells (52, 56).

The identification and study of HSCs has evolved considerably since Weissman and
colleagues first enriched HSC populations with surface markers in 1988 (57). Over time,
additional markers such as Stem cells antigen-1 (Sca-1), KIT proto-oncogene, receptor
tyrosine kinase (c-Kit), Cluster of differentiation 34 (CD34) and signaling lymphocyte activation
molecule (SLAM) markers, etc. have been identified, allowing precise isolation and
characterization of HSCs (58-60). HSCs possess remarkable versatility and are able to
differentiate into all blood cell lineages, including immune cells such as macrophages, ensuring
continuous renewal of the hematopoietic system throughout life (61). Hematopoiesis begins
during embryogenesis and continues in adulthood to ensure the balance of blood cell
production. In the adult BM, HSCs undergo both symmetric and asymmetric divisions to either

maintain the stem cell pool or generate progenitor cells that further differentiate. Ultimately,



these progenitor cells lead to the production of more than 100 billion new blood cells per day
(50).

Single-cell analysis and serial transplantation studies have demonstrated considerable
heterogeneity among HSCs, revealing differences in their ability to form mature cells and self-
renew (62). Advances in single-cell genomics have improved our understanding of
hematopoiesis, revealing a complex continuum of differentiation with intermediate stages and
distinct progenitor cell populations (63). These findings challenge the traditional hierarchical

view of hematopoiesis and point to a more interconnected and dynamic process.

HSCs are categorized into two main subgroups: Long-term HSCs (LT), which support
hematopoiesis over longer periods of time, and short-term HSCs (ST), which provide transient
reconstitution (64, 65). ST-HSCs are particularly important for rapid hematopoietic recovery,
especially after transplantation (66). The revised hematopoietic hierarchy also emphasizes the
presence of multipotent progenitor cells (MPP) that exhibit lineage preferences while remaining
flexible in differentiation. These MPPs include the lymphoid-primed MPP (MPPY), granulocyte-
monocyte-primed MPPs (MPP®M), megakaryocyte-erythrocyte-primed MPPs (MPPME) which
further differentiate into common lymphoid, myeloid and erythroid progenitor cells. These
CMPs eventually give rise to monocytes, which then mature into macrophages in response to
certain environmental stimuli (61). This differentiation process is critical for maintaining tissue

homeostasis and ensuring effective immune responses throughout the body.

1.5. Macrophage: classification and functions

Macrophages are one of the most important cellular compartments of innate immunity and
function as professional phagocytes. These cells perform important tissue-specific roles by
maintaining homeostasis in tissues, fighting infections and contributing to tissue repair by

removing dead cells after cell injury (67).

In 1882, Elia Metchnikoff discovered macrophages as the cells responsible for phagocytizing
foreign bodies in starfish larvae. This groundbreaking discovery led to Metchnikoff and Paul
Ehrlich being awarded the Nobel Prize in Physiology or Medicine in 1908 (68). Macrophages
are characterized by a high degree of plasticity, which enables them to respond differently to
a variety of stimuli. Despite their versatility, macrophages share basic functions, such as
phagocytizing foreign bodies, pathogens and apoptotic cells and triggering immune responses
by secreting a variety of cytokines and chemokines. These common functions are controlled
by a central macrophage program that includes key lineage-determining transcription factors
(TFs) such as Spi-1 Proto-Oncogene (PU.1), MAF BZIP transcription factor B (MAFB) and zinc
finger E-box binding homeobox 2 (ZEB2). These TFs play a critical role in the development

and fate determination of monocytic cell populations (69, 70)



The activation status of macrophages, which varies in response to stimuli from their tissue
environment, serves as the basis for classifying different macrophage phenotypes. These
stimuli include microbial pathogens, cytokines and chemokines, metabolites, cellular
components such as cell membranes, DNA and RNA, and microenvironmental factors such
as oxygen levels and pH. This classification system distinguishes between two extreme
macrophage phenotypes: the classically activated macrophages (M1) and the alternatively

activated macrophages (M2) (71, 72).

Bacterial components such as lipopolysaccharide (LPS) and T-helper 1 cells (Th1) cytokines
such as Interferon Gamma (IFNy) drive macrophage polarization towards the classically
activated M1 phenotype, which is characterized by a robust proinflammatory response (67). In
addition, succinate, a by-product of the tricarboxylic acid cycle (TCA) in mitochondria, has been
identified as a proinflammatory molecule that specifically induces IL-1 production in various
immune cells, including macrophages (72, 73). Environmental factors also play a role, with
hypoxia shown to exacerbate the proinflammatory responses of macrophages under LPS
stimulation (74). M1 macrophages exhibit a distinct proinflammatory transcriptional profile
driven by factors such as Signal Transducer and Activator of Transcription 1 (STAT1) and
Interferon Regulatory Factor 3 (IRF3). These transcriptional activators promote the production
of Th1 cell-attracting chemokines (e.g., CXCL9 and CXCL10) and proinflammatory mediators
such as TNFa, IL-1p3, IL-12 and reactive oxygen and nitrogen species. These molecules confer
potent proinflammatory, antimicrobial and tumoricidal functions to M1 macrophages (67). In
contrast, Th2 cytokines such as interleukin-4 (IL-4) and IL-13 polarize macrophages towards
the M2 phenotype. Metabolic factors such as alpha-ketoglutarate (aKG), another intermediate
of the TCA cycle, have been shown to promote the anti-inflammatory M2 phenotype (75). In
addition, environmental factors such as acidosis can also drive macrophages into the M2
phenotype. For example, acidic conditions in the tumor microenvironment favor M2
polarization, whereas neutralization of tissue acidity reduces M2 properties and promotes the
proinflammatory M1 phenotype (76, 77). M2 macrophages are characterized by the expression
of scavenger and mannose receptors such as Mannose receptor (CD206) and the production
of polyamines via the arginase pathway. They also secrete growth factors and ECM
components, while having low levels of IL-12 and elevated levels of IL-10. This profile endows
M2 macrophages with capabilities for parasite clearance, tissue remodeling and wound healing

and tumor progression (75).

The classification of macrophages based on their inflammatory responses has added a new
dimension to cellular metabolism, which has traditionally been viewed only as an energy
source. Recent studies have shown that cellular metabolism plays a significant role in the
activation and polarization of macrophages towards the M1 and M2 phenotypes (76). In the

same line, metabolic distinctions serve as key identifiers for these phenotypes. M1
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macrophages are primarily dependent on glycolysis and exhibit impaired TCA cycle activity
associated with increased production of ROS and accumulation of the unique metabolite
itaconic acid (itaconate). In contrast, M2 macrophages rely on oxidative phosphorylation and
fatty acid oxidation, maintaining an intact TCA cycle and proper mitochondrial function (77)
(Figure 1.1).

M1 Macrophage M2 Macrophage

TLR-4  TLR-2 cD206 CD209
MHC-II ‘ cD86 FIZz1

W STAT3, STATS,
NF-kB, STAT1, IRF4,KLF4, JMJD3,
STATS, IRF3, PPARS, PPARY,
IRFS, HIF-1a cMaf, cMyc
°, ®°e
®ee o0 o
-3 , ®
TNF-q, IL-1q, IL-1B, IL-6, IL-12, IL-23, IL-10, TGF-B, CCL1, CCL17, CCL18,
CXCL9, CXCL10, CXCL11, CXCL16, CCLS CCL22, CCL24, CXCL13, VEGF
. Function:
Function: Anti-inflammatory activity
Proinflammatory activity Phagocytosis capacity
Microbial and tumoral activity Tissue regeneration and repair
Tissue damage Angiogenesis and immunomodulation

Tumor formation and progression

Figure 1.1. Macrophage polarization to proinflammatory (M1) and anti-inflammatory
(M2) macrophages. Created with BioRender.com.

1.5.1. Pulmonary macrophages: origin and function

Pulmonary macrophages are divided into two different types: Alveolar macrophages (AM) and
interstitial macrophages (IM), which arise in three developmental waves from the yolk sac, fetal
liver and BM (78).

AMs, which are tissue-resident macrophages, are localized in the alveolar compartment and
airways, where they play a key role in maintaining immune balance (79). AMs are generated
in lung tissue during embryonic development, prior to the generation of HSCs. Studies in mice
have shown that AMs have an embryonic origin derived primarily from mesenchymal
progenitor cells in the yolk sac and in a second wave from embryonic liver mononuclear cells
(80). AMs have self-renewal potential and proliferate independently (81). Granulocyte—
macrophage colony-stimulating factor (GM-CSF) secreted by alveolar type Il cells induces the
expression of Peroxisome Proliferator-Activated Receptor y (PPARYy), an important regulator
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of lipid metabolism in AMs. By activating PPARYy signaling, AMs play a vital role in surfactant
clearance in the alveoli. In addition, AMs support their own homeostasis and development by
producing TGF-B (82). Misharin et al. identified a novel subset of AMs in the fibrotic lung that
are derived from blood mononuclear cells and have a pro-fibrotic transcriptome signature,
highlighting the dynamic and responsive nature of macrophages under pathologic conditions
(83).

IMs are derived from blood monocytes originating from myeloid stem cells located in BM and
spleen. They are recruited to the lungs during the activation of immune responses (84). In
contrast to AMs, BM—derived macrophages (BMDMs) have a short lifespan, proliferate
infrequently and are constantly renewed. C-X3-C Motif Chemokine Ligand 1 (CX3CL1) and C-
C Motif Chemokine Ligand 2 (CCL2) are two potent chemokines that stimulate the migration
of monocytes from BM into the tissue. Monocytes infiltrated into the tissue differentiate into
macrophages and dendritic cells (DCs) and contribute to adaptive immune responses through
their ability to present antigens (85). Both AMs and IMs play essential roles not only in
maintaining lung function under normal conditions but also in contributing to inflammatory and

pathological states, such as pulmonary fibrosis and PH.

1.5.2. Cardiac macrophages: origin and function

Cardiac macrophages consist of resident cardiac macrophages (RCMs) and monocyte-derived
macrophages, which are derived from different sources and have specific phenotypes and
functions (86). These two types of macrophages can be distinguished by the expression of the
C-C chemokine receptor 2 (CCR2). RCMs are CCR2 cells of embryonic origin derived from
yolk sac and fetal liver progenitor cells. RCMs arise during embryonic development and
maintain their number through self-renewal properties. The heart is one of the few organs in
which a significant number of yolk sac macrophages persist into adulthood (87). During
development, circulating monocytes replace fetal liver monocytes (88). RCMs play a vital role
in tissue repair by secreting anti-inflammatory messengers and eliminating apoptotic cells,
thereby preventing myocardial fibrosis and cardiac hypertrophy. In addition, RCMs facilitate
cardiac electrical conduction through the distal atrioventricular node by expressing connexin
43, with depletion of CCR2 RCMs leading to arrhythmias (89, 90). They also contribute to
proper coronary plexus remodeling and coronary angiogenesis by secreting insulin-like growth
factor 1 (IGF1) (90). CCR2" recruited macrophages are derived from monocytes derived from
hematopoietic stem and progenitor cells (HSPCs) in the BM, known as BMDMs (91). The
chemokine ligand CX3CL1 is strongly associated with the recruitment of BMDMs into the
damaged heart (87). CCR2" macrophages promote monocyte recruitment through a myeloid
differentiation primary response 88 (MYD88)-dependent mechanism that leads to secretion of

monocyte chemoattractant proteins (MCPs) and subsequent mobilization of monocytes (92).
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Pathogen/damage-associated molecular patterns (PAMPs/DAMPSs) are potent activators of
cardiac macrophages. CCR2" macrophages exhibit a proinflammatory transcriptome signature
and express genes involved in the NLR Family Pyrin Domain Containing 3 (NLRP3)
inflammasome and Nuclear Factor Kappa B (NF-kB) signaling, particularly IL-1B (93). Both
RCMs and monocyte-derived macrophages can express major histocompatibility complex
class Il (MHC-II), which is associated with antigen presentation and T cell activation. MHC-II-
rich subsets play a critical role in antigen presentation and clearance of pathogens (93). In
newborn mice, the expression of MHC-II in embryonic CCR2 macrophages is extremely low,
whereas the CCR2-MHC-II-rich population gradually increases after birth. Based on CCR2 and
MHC-II expression, three main subgroups of cardiac macrophages can be distinguished in
mice: CCR2"MHCII®¥, CCR2"MHC-II"9" and CCR2*MHC-II"9" (94).

1.6. Macrophages in cardiopulmonary disease
1.6.1. Macrophages in pulmonary hypertension

Myeloid leukocytes, especially macrophages, are the main culprits for inflammation and the
subsequent development of PH. An increase in perivascular macrophages was found in the
remodeled pulmonary vessels of PH patients, indicating their central role in inflammation and
vascular remodeling (32). Hypoxia-induced pulmonary vascular remodeling also depends on
the recruitment of circulating monocytes/macrophages, highlighting the critical importance of

macrophages in PH progression (38, 95).

The inflammatory microenvironment in the pulmonary vasculature is characterized by
infiltrating immune cells into perivascular area, their secreted products and the ECM. In this
environment, factors such as ion homeostasis imbalance, hypoxia, increased reactive oxygen
species and low pH can activate macrophages, leading to metabolic dysregulation and
abnormal gene transcription (96, 97) These perturbations can lead to abnormal macrophage
activation, which disrupts the balance of the M1/M2 phenotype and results in excessive
secretion of chemokines or growth factors that accelerate PASMC proliferation and PAEC
transformation (97). In addition, increased chemokine levels in the lung recruit circulating

monocytes to replace resident macrophages (34).

Recent studies question the traditional M1/M2 polarization as it does not fully capture the
complexity of macrophage gene expression in vivo. There is evidence that macrophages can
simultaneously express M1 and M2 genes during injury, repair and progression of PH (98).
Macrophage low (MacLow) mice, generated through doxycycline-inducible CD68-driven
expression of the cytotoxic diphtheria toxin A chain, exhibited PAH when treated with
doxycycline and IL-4. This was accompanied by a disruption in the M1/M2 macrophage

balance in both the lungs and BM. Similarly, studies in PAH patients revealed a comparable
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M1/M2 imbalance, underscoring the complex and pivotal role of macrophages subtypes in the
pathogenesis of PAH (97).

In a hypoxia exposure study in mice, IMs and perivascular macrophages showed an early
increase, while AMs remained unaffected. Gene expression analyzes showed that AMs at day
4 and 14 and IMs at day 4 were characterized by hypoxia-induced mitochondrial dysfunction,
proinflammatory gene activation and mTOR complex 1 (mMTORC1) signaling. However, on day

14, IMs switched to an anti-inflammatory and pro-reparative transcriptional state (99).

Further insights were provided by Kumar and colleagues in a single-cell transcriptome study
of murine pulmonary IMs exposed to hypobaric hypoxia. The results show an initial acute
inflammatory phase characterized by an enrichment of IFNy, Interleukin 2 (IL-2) and IL-6
signaling pathways, followed by a pro-remodeling phase with dysregulated chemokine
production, hemoglobin clearance, tissue repair processes and activation of specific
complement pathways (100). Cytokines such as CCR5 and IL-1R1, which are expressed by
both macrophages and PASMCs, can act as bidirectional chemotactic agents and maintain
the abnormal proliferation of PASMCs (96). Chemokine systems such as CCL2-CCR2,
CX3CL1-CX3CR1 and CCL5-CCRS5 are critical for macrophage recruitment in PH, with
receptors on ECs, PASMCs and macrophages, suggesting complex interactions between
these cell types (101-103).

In PH, macrophages also play a role in the activation of T cells by secreting cytokines that lead
to the release of inflammatory mediators such as TNF-a and IFNy by T cells, which in turn
contribute to vascular remodeling (104). Understanding the complex role and behavior of
macrophages, including their gene expression and response to various stimuli, may provide
valuable insights into potential therapeutic targets for the treatment of PH. Further exploration
of macrophage biology in PH will be critical to developing more effective treatments and

improving patient outcomes.

1.6.2. Macrophages in myocardial infarction

Macrophages play a crucial role in the progression and healing of CVD through their dynamic
phenotypic changes and their multiple functions in inflammation and tissue repair. In ischemic
HF, damaged cardiomyocytes release DAMPs that activate pattern recognition receptors
(PRRs) on surviving parenchymal cells. This activation triggers the secretion of inflammatory
cytokines and chemokines that attract monocytes and other inflammatory cells to the affected
area (105). In the context of chronic ischemia, the most striking pathologic finding is interstitial
fibrosis in the remote zone, which is primarily caused by persistent inflammation and structural

remodeling of the heart (88).
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Following MI, macrophages and other inflammatory cells migrate into the infarct zone and
initiate the early proinflammatory phase. This process is characterized by the release of
proinflammatory cytokines that increase inflammation and support the clearance of necrotic
tissue (105). During MI, leukocyte recruitment further enhances the inflammatory response,
increases DAMP production and facilitates efferocytosis, the process of removing dying cells
and tissue degradation by proteases and oxidases(106). Efferocytosis of apoptotic
cardiomyocytes, largely mediated by macrophages expressing myeloid-epithelial-reproductive
tyrosine kinase (Mertk), is critical for the transition to resolution of inflammation and wound
healing (107). Once the necrotic debris is cleared, macrophages change phenotype and begin
producing anti-inflammatory cytokines, ending the inflammatory phase and promoting tissue
repair (108)

The inflammatory phase, which generally lasts zero to four days after ischemia, is
characterized by the recruitment of immune cells and the clearance of necrotic tissue. Ly6C"'9"
monocytes are recruited to the infarct zone via CCR2/CCL2 signaling and differentiate into
CCR2*MHC-II"s" macrophages to replace the lost resident macrophages, thereby playing a
dominant role in this initial inflammatory phase (109, 110). In contrast, CCR2" resident
macrophages can suppress monocyte recruitment, which is a key mechanism to prevent
myocardial fibrosis after injury (111). Proinflammatory mediators such as NLRP3
inflammasome, IL-6, angiotensin-Il (Ang-1l) and especially IL-13 contribute to fibrosis by
upregulating pro-fibrotic genes such as TGF-B1 and connective tissue growth factor (CTGF)
in cardiac fibroblasts (112-116). In addition, macrophages secrete metalloproteinases (MMPs)
during the inflammatory phase to regulate the infiltration of other immune cells such as

neutrophils and macrophages (117).

Recent research has emphasized the role of mitochondrial metabolism in macrophage
efferocytosis. Deficiency of mitochondrial complex | in macrophages has been shown to
promote glycolysis and increased ROS production in mitochondria, which exacerbates the
inflammatory response, impairs efferocytosis, and ultimately impedes fibroblast proliferation

and scar formation after Ml (118).

After the first three days of MI, anti-inflammatory mediators are gradually produced that
suppress neutrophil infiltration, enhance phagocytosis of apoptotic neutrophils by
macrophages, and promote the conversion of recruited CCR2+Ly6C"9" macrophages into

reparative phenotypes (119).

Systemic hypertension and valvular heart disease cause pressure overload, a mechanical
stress that leads to cardiac hypertrophy and myocardial fibrosis. Pressure overload is typically
divided into a compensatory phase and a decompensated phase (120). During the

compensatory phase, CCR2* macrophages predominate, helping to inhibit fibrosis and
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hypertrophy. However, with persistent monocyte infiltration, monocyte-derived CCR2*
macrophages replace resident CCR2 macrophages and assume a dominant role in the
decompensatory phase, promoting myocardial fibrosis and hypertrophy (121, 122). Early
depletion of CCR2* macrophages during the compensatory phase may attenuate fibrosis,
whereas their removal in the decompensated phase does not halt fibrosis progression,
emphasizing the importance of early regulation (123, 124)). Following pressure overload,
angiotensin-Il activates calcium/calmodulin-dependent protein kinase [16 (CaMKII®), which in
turn triggers NF-kB signaling and inflammasome activation in cardiomyocytes, leading to the
recruitment of CCR2* macrophages (125). NF-kB signaling in macrophages drives
downstream inflammasome activation and expression of inflammatory (126, 127). In addition,
aldosterone and mechanical stress in pressure overload stimulate EC to synthesize IL-6, which
facilitates the recruitment of CCR2+ macrophages (128). Trans-signaling of IL-6 activates the
TGF-p/Smad pathway in cardiac fibroblasts, promoting fibroblast proliferation and
differentiation (129).

Overall, the diversity of macrophage phenotypes and their dynamic changes are closely
related to various types and stages of CVD, including coronary artery disease, valvular heart
disease, myocarditis, cardiomyopathy, HF, atherosclerosis and aneurysms. These
observations highlight the importance of understanding the regulatory mechanisms of

macrophages in the specific context of each disease.

1.6.3. Macrophage metabolism in cardiopulmonary disease

Upon activation, macrophages undergo metabolic reprogramming, adapting their metabolic
profiles and nutrient demands to fuel the anabolic and catabolic pathways necessary for their
effector functions (130, 131). In addition to meeting their own metabolic needs, macrophages
contribute to systemic metabolic homeostasis by regulating essential metabolites such as iron,
bilirubin, calcium, lipids, and amino acids (130). Macrophages also influence tissue metabolism
by competing for and metabolizing specific substrates (132, 133). For instance, their glycolytic
versus oxidative metabolic balance determines glucose uptake by EC, thereby influencing
angiogenesis (134). Metabolic reprogramming reflects macrophage functional plasticity and is
marked by shifts in multiple metabolic pathways, including glycolysis, oxidative
phosphorylation (OXPHOS), the TCA cycle, and fatty acid oxidation (135). In MI, ischemic
hearts exhibit an accumulation of the TCA metabolite citrate, which is converted to cytosolic
acetyl-CoA by ATP citrate lyase (ACLY) (136). Elevated acetyl-CoA levels drive histone
acetylation, inducing epigenetic modifications that regulate inflammatory gene expression.
This process is associated with increased ACLY and histone acetyltransferase activity in

inflammatory macrophages (137).
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Other TCA intermediates, such as a-KG, fueled by glutaminolysis, serves as a substrate for 2-
oxoglutarate—dependent dioxygenases (2-OGDDs), including hypoxia-inducible factor prolyl
hydroxylase (HIF PHD), which suppresses hypoxia-inducible factor (HIF) levels (138). High a-
KG-to-succinate ratios promote the epigenetic activation of IL-4—induced macrophage genes
through histone demethylases such as Jumonji domain—containing proteins (75). Although
reduced cardiac a-KG levels have been linked to myocardial ischemic injury, their specific

impact on cardiac macrophages remains to be clarified (139).

Reparative macrophage metabolism integrates glycolytic and mitochondrial pathways.
Glycolysis-derived lactate polarizes macrophages toward an anti-inflammatory state and
preserves ventricular function post-Ml (140). Fatty acids, including those derived from
apoptotic cells via MerTK-dependent efferocytosis, enter mitochondria to fuel respiration and
increase nicotinamide adenine dinucleotide (NAD*) production (141). NAD* serves as a
signaling molecule to induce pro-reparative cytokines, promoting tissue repair (142).
Deficiency in mitochondrial complex | in macrophages exacerbates inflammatory responses
by promoting glycolysis and increasing mitochondrial ROS production, impairing efferocytosis

and hindering fibroblast activation and scar formation after Ml (118).

In PH, dysregulated macrophage metabolism disrupts the balance between M1 and M2
phenotypes. This imbalance leads to the excessive release of chemokines and growth factors,
accelerating the proliferation of PASMCs and promoting mesenchymal transformation of ECs.
Elevated fatty acid synthase activity has been observed in the lung tissue of MCT PH model.
Increased CD36 expression in M1-type macrophages within the RV leads to higher fatty acid

levels and reduced fatty acid oxidation, contributing to enhanced PASMC proliferation (143).

1.7. IRG1/ltaconate axis in macrophages

A notable mitochondrial metabolite induced after injury or infection in activated
proinflammatory macrophages is itaconate. In the last decade, it was discovered that the
mammalian immune system produces itaconate, as evidenced by its detection in cell lysates
and supernatants of LPS-stimulated macrophages and in lung extracts from mice infected with
Mycobacterium tuberculosis (144-146). Subsequent studies showed that itaconate is
synthesized by the decarboxylation of cis-aconitate, a citrate-derived intermediate of the TCA
cycle. This process is mediated by the gene IRG1 (immune-responsive gene 1, also known as
Acod1), which is highly expressed in M1 macrophages following stimulation by
proinflammatory signals such as LPS and IFNy (147). Since this discovery, several regulatory
functions of IRG1/Itaconate and its derivatives, including 4-octyl-itaconate (40l) and dimethyl-
itaconate, have been identified, particularly in the modulation of immune responses under

proinflammatory conditions. In M1 macrophages, IRG1/Itaconate activates the nuclear factor
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erythroid 2-related factor 2 (NRF2), an important regulator of cellular redox balance. This
activation occurs primarily through the modification of cysteine residues on Kelch-like ECH-
associated protein 1 (KEAP1). These modifications lead to the degradation of KEAP1 and thus
prevent NRF2 from being targeted by KEAP1 for proteasomal degradation (148). In addition,
IRG1/ltaconate affects cell metabolism primarily by inhibiting succinate dehydrogenase
(SDHA) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH), which not only interrupts
the TCA cycle and increases succinate levels, but also suppresses glycolysis (149, 150). In
addition, itaconate plays an epigenetic role by modulating the DNA methylation profile of M1
macrophages through direct interaction with DNA demethylating enzymes, Ten-Eleven
Translocation (TET) family proteins, resulting in inhibition of their activity (151). Conversely,
anti-inflammatory M2 macrophages neither express IRG1 nor produce itaconate, a regulation
influenced by PPARy and the miR-93/ Interferon Regulatory Factor 9 (IRF9) axis. This
suggests that IRG1/ltaconate serves as a suppressor of the anti-inflammatory M2 phenotype
(152). Indeed, 40l has been shown to reprogram anti-inflammatory M2 macrophages into a
proinflammatory phenotype by inhibiting the Janus kinase 1 (JAK1)/STATG6 signaling pathway,
which is essential for maintaining the anti-inflammatory response of M2 macrophages (153).
Recent evidence shows that macrophages can secrete itaconate, which is subsequently taken
up by cancer cells and hepatocytes via the SLC13A3 transporter (154, 155). These
observations suggest an extracellular regulatory role for itaconate as a metabolic messenger

that shapes the immune microenvironment in different tissues and disease contexts.

Given the significant contribution of macrophage metabolic reprogramming to the damaging
and reparative processes in cardiopulmonary diseases, understanding the metabolic
signatures associated with these states is critical. Disturbances in intracellular metabolism can
lead to abnormal macrophage activation and phenotype imbalance. Despite extensive
research on macrophages in CVD and PH, the role of the TCA metabolite itaconate in these
diseases remains underexplored. Therefore, in this thesis, we aim to investigate the
contribution of the IRG1/itaconate axis in cardiopulmonary disease, focusing on its potential

role in PH.
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2. Aims of the study

Macrophages originating from BM niches show remarkable plasticity and adapt their
phenotype to the local microenvironment. In proinflammatory macrophages, the
IRG1/Itaconate axis has been identified as a central signaling pathway for regulating immune
responses and maintaining cellular homeostasis. Considering that BM niches, as primary
sources of macrophages, are highly sensitive to inflammatory signaling and contribute to
systemic pathology, their role in inter-organ communication between BM, heart and lung is
particularly relevant in diseases such as PH. We hypothesize that the IRG1/ltaconate axis
mediates protective communication between the BM, heart and lung organs that influences
the phenotype of HSCs and downstream cardiopulmonary homeostasis.

To evaluate this hypothesis, the following objectives were investigated:

1- Baseline assessment of structural and functional parameters in the heart and lungs of Irg1-
knockout (/rg7”) mice.

2- Immune profiling of heart, lung and BM of Irg7”- mice.
3- Investigation of PH development in /rg7”- mice under hypoxia.

4- Evaluation of the paracrine effects of IRG1-deficient macrophages on the phenotype of
pulmonary vascular and cardiac cells.

5- Exploring Irg1-deficient HSCs differentiation phenotype and their molecular signature.
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Figure 2.1: Schematic representation of objectives of my thesis. Created with
BioRender.com.
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3. Materials and methods

3.1. Materials

Table 3.1.1. Reagents and chemicals

Reagent

Company

4',6-Diamidin-2-phenylindol (DAPI)

Invitrogen, USA

Acetic acid, glacial

Sigma, USA

Acetone

Carl Roth, Germany

Acrylamide solution (30%)

Sigma Aldrich, USA

Agarose, low gelling temperature, Type VII

Sigma Aldrich, USA

Ammonium Persulfate (APS)

Sigma Aldrich, USA

Bovine serum albumin (BSA)

Carl Roth, Germany

Bromophenol blue

Roche, Germany

BSA solution (2mg/ml)

BioRad, USA

B mercaptoethanol

Sigma Aldrich, USA

Chloroform

Carl Roth, Germany

Citrate buffer

Life technologies, USA

Dako Fluorescence Mounting Media

Dako, Denmark

Dimethyl sulfoxide

Sigma Aldrich, USA

Diphenylacetohydroxamic acid

Sigma Aldrich, USA

DirectPCR® lysis reagent

Peqglab, Germany

Di-sodium hydrogen phosphate

Carl Roth, Germany

DNA ladder

Fermentas, USA

Ethanol absolute

Carl Roth, Germany

Ethidium Bromide

Carl Roth, Germany

Ethylenediamine-Tetraceticacid (EDTA)

Carl Roth, Germany

Ferric-hematoxylin A

Waldeck, Germany

Ferric-hematoxylin B

Waldeck, Germany

Fluorescence mounting medium

Dako, USA

Halt™ protease and phosphatase inhibitor cocktail

Thermo Fisher Scientific, USA

Hanks’ Balanced Salt solution

Thermo Fisher Scientific, USA

Hematoxylin Solution

Life technologies, USA

Hydrochloric acid

Carl Roth, Germany

Hydrogen peroxide

Merck, Germany

Isopropanol

Carl Roth, Germany

Mayer's Hematoxylin Solution

Sigma Aldrich, USA

Methanol

Carl Roth, Germany
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Reagent

Company

Methyl-green

Vector, USA

Milk powder

Carl Roth, Germany

N,N,N",N’-Tetramethyl diaminomethane (TEMED)

Sigma Aldrich, USA

Page Ruler Prestained Protein Ladder

Thermo Scientific, USA

Paraformaldehyde

Carl Roth, Germany

Pertex Mounting Medium

Medite, Germany

Picric acid

AppliChem, Germany

Ponceau S Solution

Sigma Aldrich, USA

Potassium chloride

Carl Roth, Germany

Potassium dihydrogen phosphate

Carl Roth, Germany

Proteinase K

Peqlab, Germany

1x protease and phosphatase inhibitor cocktail

Thermo Scientific, USA

RIPA lysis buffer

Santa Cruz Biotechnology, USA

Rainbow protein molecular weight marker

AmershamBiosciences, USA

RNase Away

Invitrogen, USA

Scott's Tap Water Substitute Concentrate 10X

Sigma Aldrich, USA

Sodium bicarbonate

Carl Roth, Germany

Sodium chloride

Carl Roth, Germany

Sodium dodecylsulfate (20% w/v)

Carl Roth, Germany

Sodium hydroxide

Carl Roth, Germany

Stripping Buffer

Thermo Scientific, USA

SYBR green mix

Applied Biosystems

Tetramethylrhodamine methyl ester (TMRM)

Invitrogen, USA

Tris 0.5 M (pH 6.8)

Amresco, Germany

Tris 1.5M (pH 8.9)

Amresco, Germany

Tris base Sigma Aldrich, USA
Triton X-100 Carl Roth, Germany
TRIzolITM Thermo Fisher Scientific, USA

Trypsin Concentrate and Diluent

Life technologies, USA

Tween 20

Sigma, USA

Xylol

Carl Roth, Germany
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Table 3.1.2. List of the equipment used

Equipment

Company

Agarose electrophoresis chambers

BioRad, USA

Cell culture incubator, Hera cell

Heraus, Germany

Centrifuge

Thermo Scientific, USA

StepOnePlus™ Real-Time PCR System

Thermo Scientific, USA

Whitley H35 Hypoxystation

Don Whitley Scientific Ltd, UK

All-in-One Fluorescence Microscope (BZ-X series)

Keyence Corporation, USA

Fluorescence microscope Leica DM 2500

Leica, Germany

ImageQuant LAS 4000

GE Healthcare, UK

Leica DM 6000B

Leica, Germany

Microplate reader Infinite 200

TECAN, Germany

NanoDrop2000 Spectrophotometer

Thermo Scientific, USA

PCR thermocycler T3000

Biometra, Germany

Power supply

BioRad, USA

PowerlLab

AD Instruments, Australia

Precellys Homogenizer

PeQLab, Germany

Nanozoomer 2.0 HT

Hamamatsu, Japan

Water bath (cell culture)

Heraeus, Germany

Western blot chambers

BioRad, USA

Cryostar NX50

Thermo Scientific, USA

Leica RM2255 Rotary Microtome

Leica, Germany

Leica EG1160 Tissue Embedding Station

Leica, Germany

ASP200S Advanced Smart VacuumTissue
Processor

Leica, Germany

VisualSonics VEVO 1100

FujiFilm, Canada

MPVS Ultra Pressure-Volume Unit from Millar

AD Instruments, New Zealand

Q Exactive Orbitrap Mass Spectrometer

Thermo Scientific, USA

gentleMACS Dlssociators

Miltenyi Biotec

FACS Symphony A5SE flow cytometer

BD Biosciences

micromanometer/Mikro-Tip Pressure catheter

Millar Instruments

NextSeq2000

lllumina

RS-2000 Biological Irradiator

Rad Source Technologies, USA
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Table 3.1.3. Kits used

Kit

Company

High Capacity cDNA synthesis kit

Applied Biosystems, USA

DC Protein assay kit

BioRad, USA

BrdU Incoportation assay kit

Roche, Germany

In situ cell death detection kit

Roche, Germany

DAB substrate kit

Vector, USA

Neonatal Heart Dissociation Kit

Miltenyi Biotec

Neonatal Cardiomyocyte Isolation Kit

Miltenyi Biotec

Multi Tissue Dissociation Kit 2

Miltenyi Biotec

miRNeasy Micro Kit

Qiagen

MART-Seq® v4 Ultra® Low Input RNA Kit

Takara Bio

Trichrome staining with Aniline Blue kit

Morphisto, Germany

Table 3.1.4. Cell Culture medium and reagents

Culture medium Company

Dulbecco's Phosphate Buffer saline (DPBS) Sigma, USA

Fetal calf serum (FCS) PAA, USA
I(—IPlfA‘rréwC;t;Imonary arterial smooth muscle cells Lonza, USA

Human cardiac fibroblasts (CF) ScienCell, USA

OptiMEM Gibco, USA
Penicillin/Streptomycin Lonza, USA

Smooth muscle cell medium (SmGM) Lonza, USA

Fibroblast Growth Medium ScienCell, USA
Trypsin/EDTA Lonza, USA

DMEM GlutaMAX BD Biosciences, Germany
RPMI 1640 Gibco life technologies, USA
Gelatin Sigma-Aldrich, Germany

3.2. Methods

3.2.1. Cell isolation, differentiation and culture
3.2.1.1. Culturing of human pulmonary arterial smooth muscle cells

PASMCs were cultured in 10 cm Petri dishes containing 8 mL of PASMC growth medium. Cells
were maintained in a humidified incubator at 37°C with 5% CO,. When cells reached 90-95%
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confluence, they were passaged at a 1:3 ratio and used for experiments at passage 6. For
passaging, culture dishes were rinsed with 8 mL of DPBS and incubated with 3mL of
Trypsin/EDTA for 3 to 4 minutes. Cell detachment was confirmed under a microscope. The
trypsinization was neutralized by adding an equal volume of growth medium. Cells were
transferred to 50 mL falcon tubes and centrifuged at 1,350 rpm for 7 minutes. The supernatant
was discarded, and the cell pellet was gently resuspended in 1 mL of PASMC growth medium

before seeding into new culture dishes.

3.2.1.2. Human cardiac fibroblast culture

Human cardiac fibroblasts (CFs) provided by ScienCell company were cultured on dishes
coated with poly-lysine (1:1000 in double distilled water) using a fibroblast medium enriched
with FBS, FGS, penicillin, and streptomycin (2301, ScienCell, USA). The cells were kept in a
5% CO2 incubator at 37 °C. Experiments were conducted using the cells between passages
5 and 6. Upon 24-hr serum starvation using a basal medium with penicillin containing 0.1%
fetal calf serum (FCS, 10500064, Gibco® life technologies, NY, USA), CFs were treated with

CM of donor pro-inflammatory Macrophages transfected with Scramble or si-/Irg1 for 24 hr.

3.2.1.3. Macrophage differentiation and polarization

The blood samples were provided by Lung Center blood bank at the Universities of Giessen
and Marburg according to ethical approval from the Ethics Committee, under file number AZ
58/15. Human Macrophage were derived from peripheral blood mononuclear cells (PBMCs),
following the protocol outlined in previous studies (Sarode, Zheng et al. 2020; Karger, Mansouri
et al. 2023). PBMCs were extracted from buffy coats, utilizing Ficoll density gradient
centrifugation. 15 ml of Ficoll-Paque media (L6115, BIOCOLL Biochrom AG, Germany) was
added to Leucosep centrifuge tubes (227290, Greiner Bio-one, Germany), and the blood
samples were gently layered onto the media, followed by centrifugation for 35 minutes at 440
g without applying brakes. Then the upper white layer containing PBMCs was carefully
transferred to a fresh 50 ml Falcon tube. To remove red blood cells (RBCs) and platelets, two
rounds of washing were performed with using lysis buffer (555899, BD Biosciences, Germany)
and DPBS, respectively. PBMCs were then seeded into 6-well plates (83.3920.300, Sarstedt,
Germany) in RPMI 1640 medium (21875034, Gibco® life technologies, USA) with 1% (v/v)
penicillin/streptomycin (P/S) (15140122, Gibco® life technologies, USA). Non-adherent cells
were washed away after a 2-hour (hr) incubation, and the adherent cells were cultured to
differentiate into Macrophage over a period of 10 days using macrophage complete medium
(RPMI 1640 supplemented with 2% (v/v) human serum and 1% (v/v) P/S). To polarize
Macrophage to M1, the cells were treated with LPS (100 ng/ml; L5418, Sigma-Aldrich, USA)

and IFNy (100 U/ml; 285-IF, R and D Systems, USA) for 24 hr.
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3.2.1.4. Murine macrophage differentiation

Mouse BM cells were used for differentiating to mouse Macrophage, known as bone BMDM
After steriliz the mice skin with 80% ethanol, the tibia and femur were dissected from both legs
and transferred to cold PBS. Subsequently, the bones were flushed with 15 ml RPMI 1640
medium containing 1% (v/v) P/S. The flushed cells were passed through a 40-uM cell strainer
(CLS431750-50EA, Merck, Germany) and centrifuged at 500 g for 10 minutes. The cell pellet
was resuspended in RPMI 1640 medium supplemented with 10% (v/v) FCS, 1% (v/v) P/S, and
mouse Macrophage colony-stimulating factor (M-CSF, 20 ng/ml; 416-ML, R and D System,
USA). Cells were then seeded into a six-well plate and cultured for 5-6 days, with the medium
changed every 2 days, resulting in differentiation into Macrophage. For mouse Macrophage
polarization to M1, LPS (100 ng/ml) treatment was done for 24 hr. Before harvesting the
macrophages, their conditioned medium was collected. Snap-frozen, and kept in -80 for future

experiments.

3.21.5. Neonate cardiomyocyte isolation and culture

Neonatal hearts were isolated from PO to P3 WT C57bl/6 pups. Initially, the pups were
decapitated using sterile scissors (straight), and the chest was opened along the sternum to
allow access to the chest cavity and the heart. The aortic root and atria were physically
removed before isolation. The extracted hearts were immediately transferred into the 10-cm
dish containing 1x PBS (without Ca2+, Mg2+). The harvested hearts belonging to the pups (n:
7-10) from the same littermates were pulled and dissociated using mouse and rat Neonatal
Heart Dissociation Kit (130-098-373, Miltenyi Biotec, Germany), according to manufacturer’s
instructions. Briefly, the harvested hearts from the same littermate were transferred into the
gentleMACS C Tube (Miltenyi Biotec, Germany) containing 2.5 ml of enzyme mixture. The
tissue dissociation was done by gentleMACS Octo Dissociator (Miltenyi Biotec, Germany).
After detaching the C Tube from the dissociator, 7.5 mL of DMEM GlutaMAX™ (31966021,
BD Biosciences, Germany) supplemented with 10% FCS and 1% P/S was added to the
dissociated cells. The resulting cell suspension was then filtered through a 70 um MACS
SmartStrainer (130-110-916, Miltenyi Biotec, Germany). Following centrifugation, RBCs were
lysed by adding 5 uL of lysis buffer (12770000, Invitrogen, USA). Neonatal cardiomyocytes
(nCMs) were isolated using the Mouse Neonatal Cardiomyocyte Isolation Kit (130-100-825,
Miltenyi Biotec, Germany) according to the manufacturer’s protocol. Non-target cells were
depleted through magnetic labeling with a cocktail of monoclonal antibodies conjugated to
MACS® MicroBeads. The labeled non-target cells were retained in a MACS Column (130-042-
401, Miltenyi Biotec, Germany) within the magnetic field of a MACS Separator, allowing the

unlabeled cardiomyocytes to pass through and be collected. Subsequently, nCMs were plated
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on 6-well plates coated with 1% gelatin (G939, Sigma-Aldrich, Germany) dissolved in PBS and
cultured in DMEM with 10% FBS and 1% P/S for 48 hr. For experimental purpose nCMs were
treated with CM of WT or Irg7”- BMDM for 24 hr then the cells were harvested for RNA isolation.

3.2.1.6. siRNA transfection

IRG1 was silenced in Macrophages using two distinct siRNAs, in a serum-free Opti-MEM
medium (11058021, Sigma-Aldrich, Germany) and HiPerFect transfection reagent (371707,
Qiagen, Germany), following the manufacturer's protocol. The siRNAs, listed in Table 3.2.1,
were all sourced from Qiagen (Qiagen, Hilden, Germany). The HiPerFect reagent was first
combined with Opti-MEM and briefly vortexed, after which the siRNAs were added, mixed
thoroughly, and allowed to incubate at room temperature (RT) for 5—10 minutes. Meanwhile,
the medium of Macrophages was removed and the transfection mix was dropwise applied to
the cells. Following 6 hr incubation of the cells with the transfection mixture, 1.5 ml of complete
medium was added, and the cells were incubated for an additional 24 or 48 hr. After 24 hr of
transfection, macrophages were polarized to the M1 phenotype by 24-hr treatment with LPS
(100 ng/pl) and IFN-y (100 International unit (IU)/ ul).

Table 3.2.1. Custom siRNAs used for knockdown of the IRG1

Target RNA siRNA name Catalog Nr. Company Final con.
Negative control AllStars negative 1027292 Qiagen 25nM
IRG1 Hs_IRG1_4 S105379920 Qiagen 25nM
IRG1 Hs_IRG1_3 S105172685 Qiagen 25nM
3.21.7. Cellular functional assays

For cellular functional assays, the cells were seeded at a density of 6,000 cells per well in 96-
well plates. The next day, the cells were serum starved for 24 hr and then were incubated with
various macrophage conditioned media (CM), as indicated in the results section, for an
additional 24 hr.

3.2.1.7.1. Cell proliferation assay

Cell proliferation was measured using cell proliferation assay kit (11647229001, Roche
Diagnostics GmbH, Germany), a colorimetric immunoassay that quantifies BrdU incorporation
during DNA synthesis, following the manufacturer's instructions. Initially, the cells were
exposed to BrdU labeling solution and incubated at 37°C in an atmosphere of 5% CO2 for 90
minutes. Following this, the labeling medium was replaced with 200 ul per well of FixDenat
solution, and incubation was conducted for 30 minutes at room temperature. The solution was
then removed by gently tapping the wells, and 100 pl per well of anti-BrdU-POD solution

(diluted 1:100) was added. Incubation was performed for 2 hr at room temperature in the dark.
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Afterward, the antibody conjugate was removed by stripping, and the wells were washed three
times with 300 ul per well of wash solution. Finally, 100 ul per well of substrate solution was
added, and absorbance was measured at 370 nm, with a reference wavelength of 492 nm,

using the infinite M200 PRO plate reader (Tecan Group, Maennedorf, Switzerland).

3.2.1.7.2. Cell apoptosis assay

Cell apoptosis was assessed using a cell death detection kit (11920685001, Roche
Diagnostics GmbH, Germany), according to the manufacturer’s protocol. After the cells were
treated, they were centrifuged at 200 g for 10 minutes, and the supernatant was removed. A
total of 200 ul of 1x lysis buffer was added to each well, followed by a 30-minute incubation.
After lysis, the cells were centrifuged again at 200 g for 10 minutes to pellet the debris. Then,
20 ul of the supernatant was transferred into streptavidin-coated wells provided in the kit. To
each well, 80 pl of freshly prepared immunoreagent was added, and the plate was shaken at
300 rpm for 2 hr in the dark. The solution was removed by tapping, and the wells were rinsed
three times with 200 pl of incubation buffer. After the final wash, 100 ul of ABTS solution was
added to each well. Absorbance was recorded at 405 nm, with a reference wavelength of 490

nm, using the infinite M200 PRO plate reader (Tecan Group, Switzerland).

3.2.2. Molecular biology methods
3.2.21. RNA isolation

Total RNA extraction was conducted using miRNeasy Micro Kit (Qiagen, 217084, Germany)
according to the kit protocol. Upon washing the adherent cells with PBS, 700 pl of QlAzol
(Qiagen, 79306, Germany) Lysis Reagent was added to the cells and the cells were disrupted
by scraping. Cell lysates were transferred into separate tubes. Subsequently, 140 pl of
chloroform was added to each sample, followed by vigorous shaking for 15 seconds. The
mixture was incubated at RT for 2 minutes and then centrifuged at 12,000 g at 4°C for 15
minutes. Following centrifugation, upper aqueous phase was collected into a new tube,
avoiding any contamination from the lower layers. To precipitate RNA from the aqueous phase,
450 pl of 100% ethanol was added per 300 ul of the aqueous phase and thoroughly mixed by
pipetting. The mixture was applied to the RNA isolation column included in the kit. The columns
were centrifuged at 9,000 g for 15 seconds at RT, and the flow-through was discarded.
Following two-times washing of the columns with the wash buffers provided in the kit, a final
wash was done with 80% ethanol. Each washing step, except the final one with 80% ethanol
(which lasted 2 minutes), was performed at 9,000 g for 15 seconds at RT. The columns were
then dried by centrifugation at 9,000 g for 5 minutes at RT. Finally, RNA was eluted by adding

14 ul of RNase-free water to the column and centrifuging in full speed for 1 minute at RT. The
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RNA concentration and its purity were measured using a spectrophotometer (ThermoFisher

Scientific, USA), and the samples were stored at -80°C for long-term.

3.2.2.2. Complementary DNA synthesis

The concentration and purity of RNA were determined using Nanodrop (Thermo Scientific).
The High-Capacity cDNA Reverse Transcription Kit (4368814, Applied Biosystems, USA) was
used to transcribe the RNA into complementary DNA (cDNA), according to the manufacturer’s
instructions. The reaction solution protocol and temperature programs used for cDNA

synthesis are listed in Tables 3.2.2 and 3.2.3., respectively.

Table 3.2.2. Reaction mix for reverse transcription

Reagent Volume [pl]

RNA template 1 Mg in 10 yl RNase free water
10x RT Buffer 2

10x RT Random Primer 2

dNTPs (100 mM) 0.8

MultiScribe Reverse Transcriptase (50 U/ul) 1

RNase Inhibitor (20 U/pul) 0.5

RNase free water 3.7

Table 3.2.3. Reverse transcription program

Time Temperature
10 min 25°C

120 min 37 °C

5 min 85°C

o0 4°C

3.2.2.3. Quantitative polymerase chain reaction

Quantitative polymerase chain reaction (qPCR) was performed with StepOnePlus™ real-time
PCR systems (A25742, Applied Biosystems, USA) using the cDNA in reaction mixture (table
3.2.4) according to the gPCR protocol mentioned in (table 3.2.5). For comparison of expression
levels, Ct values of the gene of interest were normalized to the housekeeping gene,
Hypoxanthine-guanine phosphoribosyl transferase 1 (HPRT1) using the equation ACt = Ct
(reference gene) — Ct (gene of interest). To exclude the presence of any extraneous nucleic
acid contamination in the PCR reaction, a negative technical control containing RNase-free
water in place of cDNA template was included in each gPCR run. To further assess the

efficiency of the gPCR, we performed a melt curve analysis in each run to confirm that the
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amplicon produced a single peak. The primer sequences of each gene of interest were

designed using sequence information from the National Center for Biotechnology Information

database and purchased from Metabion, Germany (table 3.2.6).

Table 3.2.4. gPCR reaction mixture

Reagent Volume [pl]
Template cDNA (1:20 dilution) 4
SYBR green mix (Applied Biosystems) 5
Forward primer (10 pM) 0.5
Reverse Primer (10 pM) 0.5
Table 3.2.5. qPCR protocol
qPCR steps Temperature |Time Number of cycles
Initial denaturation |95°C 3 min 1
Denaturation 95°C 10 sec
Annealing 60°C 30 sec 40
Elongation 72°C 30 sec
Final elongation 95°C 10 sec 5 min
Melting curve 65°C t0 95°C |0.5°C increase/sec for 5sec |1

Table 3.2.6. qPCR primer list

Species Gene Sequence (5°-3)
HPRT FP TGACACTGGCAAAACAATGCA
RP GGTCCTTTTCACCAGCAAGCT
TNEa FP GAGGCCAAGCCCTGGTATG
RP CGGGCCGATTGATCTCAGC
IRG1 FP GAGAGAGCCCTGCTTCCAAC
RP TGGCCTGTTGATCTGGCATT
Human IL6 FP AGCCAGAGCTGTGCAGATGAG
RP TGGCATTTGTGGTTGGGTC
118 FP CTAAACAGATGAAGTGCTCC
RP GGTCATTCTCCTGGAAGG
POSTN FP TGATGGAGTGCCTGTGGAAA
RP CTTCCTCACGGGTGTGTCTC
COL3AT FP TGGGAGAAATGGTGACCCTGG
RP CCAGGATAGCCTGCGAGTCCT
Hrt FP GCTGACCTGCTGGATTACAT
RP TTGGGGCTGTACTGCTTAAC
Trfa FP CATCTTCTCAAAATTCGAGTGACAA
Mouse RP TGGGAGTAGACAAGGTACAACCC
16 FP TCTCTGCAAGAGACTTCC
RP AGTAGGGAAGGCCGTGGTTGT
1B FP TGGCAACTGTTCCTG
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RP GGAAGCAGCCCTTCATCTTT
Myh6 FP TCCAAGTTCCGCAAGGTGCAG
RP ATTGGCCACAGCGAGGGTCT
Myh7 FP GGAGCAGGCCAACACCAACC
RP GGCACCCTTGGAGCTGGGTA
Anp FP CAGCTGCTTCGGGGGTAGGA
RP CCAAGCTGCGTGACACACCA
Bnp FP CGGGTCCAGCAGAGACCTCA
RP CTGGGGAAAGAGACCCAGGCA
Jmjd3 FP TCTGCTGTAACCCACTGCTG
RP AGCCAATCATCACCCTTGTC

3.2.24. RNA-Sequencing

RNA was isolated by miRNeasy micro Kit (Qiagen) combined with on-column DNase digestion
(RNase-Free DNase Set, Qiagen) to avoid contamination by genomic DNA. RNA and library

preparation integrity were verified with LabChip Gx Touch (Perkin Elmer).

3.2.2.,5. Library Construction

RNA amounts were normalized and 1ug of total RNA of RV and LV samples was used as input
for VaZyme_VAHTS Universal Stranded mRNA-seq - V6 (Vazyme). For RNA samples of both
HSCs subpopulations, following normalization of RNA amounts, 10 ng of total RNA was used
as input for SMART-Seq® v4 Ultra® Low Input RNA Kit following manufacture’s protocol
(Takara Bio). Sequencing was performed on the NextSeq2000 platform (lllumina) using P3

flowcell with 72bp single-end setup.

3.2.2.6. RNA-Seq data analysis

Trimmomatic version 0.39 was employed to trim reads after a quality drop below a mean of
Q15 in a window of 5 nucleotides and keeping only filtered reads longer than 15 nucleotides
(156). Reads were aligned versus Ensembl mouse genome version mm39 (Ensembl release
109) with STAR 2.7.11a (157). Alignments were filtered to remove duplicates with Picard 3.0.0
(Picard: A set of tools (in Java) for working with next generation sequencing data in the BAM
format), multi-mapping, ribosomal, or mitochondrial reads. Gene counts were established with
featureCounts 2.0.4 by aggregating reads overlapping exons excluding those overlapping
multiple genes (158). The raw count matrix was normalized with DESeq2 version 1.36.0 (159).
Contrasts were created with DESeq2 based on the raw count matrix. Genes were classified
as significantly differentially expressed at average count > 5, multiple testing adjusted p-value
< 0.05, and -0.585 < log2FC > 0.585. The Ensemble annotation was enriched with UniProt

data (Activities at the Universal Protein Resource (UniProt)). All downstream analyses are
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based on the normalized gene count matrix. Volcano and MA plots were produced to highlight
DEG expression. A global clustering heatmap of samples was created based on the Euclidean
distance of regularized log transformed gene counts. Dimension reduction analyses (PCA)
were performed on regularized log transformed counts using the R packages FactoMineR

(160). DEGs were submitted to gene set overrepresentation analyses with KOBAS (161).

3.2.2.7. Protein extraction

To extract the protein from cells, MQs, nCMs and CFs were lysed in RIPA lysis buffer (sc-
249482, Santa Cruz Biotechnologies, USA) supplemented with 1x protease and phosphatase
inhibitor cocktail (78440, Thermo Scientific, USA). Heart tissue was homogenized using a
Precellys homogenizer (PeQLab, Germany) in 500 ul of RIPA buffer supplemented with a
protease/phosphatase inhibitor cocktail. Following 10 minutes incubation on ice, the samples
were centrifuged at 14,000 rpm for 20 minutes at 4°C. The separation containing protein was
carefully transferred to a fresh 1.5 ml Eppendorf tube and kept on ice. Quantification of proteins
was performed using a modified Lowry assay and the DC™ Protein Assay Kit (5000122, Bio-
Rad, Germany). A range of protein standards, from 0.125 to 2 ug/ul, was prepared using
varying concentrations of bovine serum albumin (BSA). Protein concentration was measured
at a wavelength of 750 nm using a microplate reader (Infinite M200 PRO, Tecan Group,
Switzerland). The concentrations were then equalized across all samples, which were
subsequently mixed with 5x sodium dodecyl sulfate (SDS) (1057.1, Roth, Germany) and boiled
at 95°C for 3-5 minutes.

3.2.2.8. Western blotting

Depending on the size of target protein, equal amounts of the samples were loaded in 6%,
10% or 15% SDS-polyacrylamide gels (Table 3.2.7) and placed in running buffer. Then the
protein samples were transferred to polyvinylidene difluoride membranes (PVDF) (1620264,
Bio-Rad, USA) in blotting buffer (Table 3.2.8), with the transfer time for 1h and 25 min at 100
V. After blocking the membranes for 1h in 5% milk in TBST, formulated as 20 mM Tris (4855.2,
Carl Roth, Germany), 150 mM NaCl (3957.1, Carl Roth, Germany) and 0.1% (w/v) Tween®-
20 (P1379, Sigma, USA) detergent, they were incubated with a primary antibody diluted 1:1000
in 5% (w/v) BSA/TBST with constant shaking overnight at 4°C. After proper washing with
TBST, the blots were incubated with appropriate horseradish peroxidase (HRP)-conjugated
secondary antibodies in 5% milk in TBST buffer, followed by detecting protein-antibody
conjugates with SuperSignal West Femto Chemi-luminescent Substrate (34095, Thermo
Scientific, USA) and capturing the signal using an Image reader (GE Healthcare). Densitometry
analysis of the blots was performed using ImageJ software, normalizing to $-actin, heat shock

protein 90 (HSP9O0) or). Details of the antibodies can be found in Tables 3.2.9 and 3.2.10.
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Table 3.2.7. Gel composition

Gel Component

Percentage of gel

6% (Stacking gel)

10% (Resolving gel)

30% 0.625 mL 1.5mL
Tris-HCL 0.5mL 2mL
SDS 10% 25 uL 60 uL
APS 10% 12.5 uL 30 uL
TEMED 2.5 uL 6 uL
Water upto final volume 1.3 mL 24 mL

Table 3.2.8. Running and blotting buffers composition

Components Running buffer Blotting buffer
Tris 25 mM 50 mM

Glycin 250 mM 40 mM

SDS 10% (w/v) 0.10% -

Methanol (v/v) - 20%

Water

Up to final volume

Up to final volume

Table 3.2.9. Primary antibodies used for western blotting

Antibody Reference Company
Beta-actin A2228 Sigma
GAPDH MA5-15738 Invitrogen
JMJD3/KDM6B ab38113 Abcam
HSP90 4877 Cell Signaling
IRG1 17805 Cell Signaling
COL3A1 sc-271249 Santa Cruz
Endothelin-3 sc-81944 Santa Cruz

Table 3.2.10. Secondary antibodies used for western blotting

Antibody Reference Company
Antll-Mouse IgG-Peroxidase A9044 Sigma
conjugated

Anti-Rabbit IgG-Peroxidase .
conjugated A0545 Sigma
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3.2.3. Animal experiments

All mice, including C57BI/6J, Irg1” strain, were housed under specific pathogen-free conditions
with free access to water and food. They were kept at a controlled temperature of 22°C and
maintained on a standard 12-hr light-dark cycle throughout the experimental period. The
handling of the mice adhered to the European Union Commission guidelines for laboratory
animals. The animal experiments conducted as part of this study were approved by the local
authorities (Regierungspraesidium Darmstadt, Hessen, Germany, animal proposal: B2-2000).

For our experiments, we used C57BL/6 mice aged 8 to 12 weeks.

3.2.3.1. Genotyping

Genomic DNA was extracted from ear punch samples by incubating them in a Tris-EDTA buffer
(pH 8) containing 0.5% SDS and 20 mg/ml Proteinase K at 56°C for a minimum of 6 hr. After
incubation, the samples were centrifuged, and the resulting supernatant, which held the
genomic DNA, was diluted for use in downstream applications. Genotyping was conducted via
PCR, with all reactions utilizing KAPA2G Fast ReadyMix (2GFRMKB, Sigma, USA), as
detailed in table 3.2.11.

Table 3.2.11. Master mixture material for genotyping PCR

Reagent Volume [pl]
H-0 6

KAPA2G Fast ReadyMix 12

MgCl, 0.5

Primer 1 1.25

Primer 2 1.25

Primer 3 1.25

DMSO 1.25
Template 1

The primer list used for Irg1” genotyping and The PCR product detected by Qiaxel (Qiagen,
Hilden, Germany) are provided in Table 3.2.12, respectively. The PCR product was detected
by Qiaxel. The PCR reaction program can be found on table Table 3.2.13.

Table 3.2.12. Genotyping primer list and PCR product for Irg1” mice.

Primer Sequence 5' --> 3'
Common-Forward |GTGGGGAGGGGAACTATGAG | ,, =
Irg1 WT-Reverse | ATTTGGAGGAACCCCATGAC —_—
Irg1 mutant-Reverse | CAGCCTCTAAGCCAGACAGC | =« =

*(L) ladder, (1-4) Irg1-/-, (n) negative control
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Table 3.2.13. PCR reaction for Irg7” mice

Temperature Time Cycle
95°C 5 minutes 1
95°C 20 seconds

64°C 30 seconds 35
72°C 15 seconds

72°C 10 minutes 1

4°C 0 1

3.2.3.2. Hypoxia mouse model

To induce PH in mice, C57BL/6J WT and Irg1” mice (n = 7 per group) were exposed to chronic
hypoxia (10% oxygen) for 35 days, following a protocol widely used in studies of hypoxia-
induced PH. At the end of hypoxia exposure, echocardiography and hemodynamic
measurements were performed. Following this the mice was euthanized and the organs were
harvested for further analysis. The left lung was perfused with 4% paraformaldehyde (PFA),
excised, and subsequently fixed in 4% PFA for histological analysis. Two lobes of the right
lung were used for tissue dissociation for fluorescence-activated cell sorting (FACS) analysis.
The remaining right lobe was snap-frozen and stored at -80°C for molecular biology studies,

including gene expression and protein analysis.

3.2.3.3. Bone marrow transplant mouse model

The C57BL/6 WT recipient mice were initially exposed to radiation using the RS-2000
Biological Irradiator from Rad Source Technologies, Inc., Alpharetta, GA, USA. The radiation
dose was calibrated for the cage area (Special Cage Irradiator) to ensure a consistent delivery
of 19.5 mGy/sec or 1.17 Gy/min across the cage. The mice underwent irradiation for a total of
483 seconds, receiving a cumulative dose of 9.5 Gy. Following this, recipient mice were given
an intravenous infusion of 1.5-2x10” BM cells sourced from Irg1” donor mice. Prior to
harvesting BM, donor mice were intraperitoneally injected with 500 units of heparin and
euthanized using a lethal dose of ketamine and xylazine (1:1:2 ratio). Following dissection of
the femurs and tibias, the BM cells were flushed out using RPMI 1640 medium supplemented
with 1% P/S. After centrifugation, the cells were resuspended in fresh medium, filtered through
a 40um cell strainer, counted and prepared for transplantation into the irradiated recipient mice.
Each recipient mouse was intravenously injected with 3x10°® cells suspended in 100uL of PBS.
The mice were positioned prone in a mouse box with tail access and up to 200pL of the cell
suspension was injected into the tail vein of the C57BL/6 recipients, whose tails had been pre-
warmed using a red light lamp. The mice's immune systems were then allowed to regenerate,

with BM reconstitution taking place over 21 days. An additional 10-day recovery period was
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provided before injecting tumor cells. The mice's weight was closely monitored until it returned
to pre-transplant levels. Subsequently, the mice went under echocardiography, hemodynamic
and cardiac hypertrophy assessment and their lungs were harvest as described in section
3.2.3.2.

3.2.3.4. Echocardiography

Echocardiography was done using VEVO1100 system equipped with a 30-MHz, 100-frame-
per-second micro-visualization linear probe for cardiovascular imaging (MS250, Visual Sonics,
Toronto, Canada). The mice were anesthetized using a Tabletop Laboratory Animal
Anesthesia System (Vet Equip Inc. Pleasanton, USA) with 5% isoflurane and 100% oxygen at
a flow rate of 1 L/min. The animals were positioned supine on the imaging platform and
connected to the anesthetic system with a nasal con, receiving 1.5% to 2% isoflurane mixed
with 1 L/min of 100% oxygen, allowing for spontaneous breathing. A physiological heart rate
(HR) of 400-550 bpm was maintained by adjusting the isoflurane levels, as necessary. The
isoflurane concentration was carefully increased or decreased gradually to ensure the animal's
HR remained within the optimal range. To monitor heart rate (HR), electrocardiogram (ECG)
electrodes were attached to the animals’ paws using surgical tape and electrode gel. Body
temperature was carefully monitored maintaining at 37°C using a rectal thermometer (Indus
Instruments, Houston, TX). Dexpanthenol ophthalmic ointment (Bepanthen®, Bayer
Leverkusen, Germany) was applied to the eyes to prevent dryness. After removing the chest
hair between the sternum and diaphragm with depilatory cream, a pre-warmed acoustic
coupling gel (Aquasonic® 100, Parker Laboratories, Inc.) was applied to the chest to ensure
optimal ultrasound imaging.

A standard 2D echocardiographic assessment was first conducted in the parasternal long-axis
view to evaluate left ventricular (LV) dimensions and systolic performance. LV ejection fraction
(LVEF) was calculated from the parasternal long-axis view. The LV area was traced at both
end diastole (ED) and end systole (ES), and ejection fraction (EF) was determined using the
following formula: LVEF (%) = (LVEDV — LVESV) / LVEDV x 100.

To assess pulmonary artery acceleration time (PAAT) and the velocity time integral (VTI) of
pulmonary artery flow, pulsed-wave Doppler was utilized. PAAT, defined as the time interval
from the onset of flow to the point of maximum forward flow velocity was measured from the
Doppler flow velocity profile of the RV outflow tract (RVOT) in the parasternal short-axis view.
In the parasternal short-axis view, focused on the pulmonary artery at the level of the aortic
valve, RVOT diameter (RVOTd) was measured at mid-systole from the short-axis view at the
pulmonary valve level, while the RVOT velocity time integral (VTI) was calculated from the
pulsed-wave Doppler profile. The Doppler sample was placed at the tip of the pulmonary valve

leaflets and aligned using color Doppler to optimize the assessment of laminar flow. Cardiac
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output (CO) was estimated by combining RVOT VTI, RVOT area, and heart rate, following the
methodology outlined in previous studies (162). Cardiac index (Cl) was derived by normalizing
the CO to 100 g of body weight (ml/min per 100 g). Pulmonary vascular resistance index (PVRI)
was calculated using the formula: PVRI = RVSP/CI, where right ventricular systolic pressure
(RVSP) was measured in mm Hg.

To assess RV free wall thickness (RVWT), a right parasternal long-axis view was utilized,
incorporating both M-mode and B-mode imaging. RV internal diameter (RVID) was assessed
in the apical four-chamber view using B-mode by measuring the maximum distance between
the RV free wall and the septum. Tricuspid annular plane systolic excursion (TAPSE) was
determined in the apical four-chamber view by positioning the M-mode cursor at the junction
of the tricuspid valve plane and the RV free wall.

Echocardiographic data, including M-mode, 2D, and flow images, were collected in triplicate,
ensuring that respiration peaks were excluded. The imaging was performed 10 to 25 minutes

after anesthesia induction, and all calculations were carried out after the images were acquired.

3.2.3.5. Hemodynamic measurement

Invasive hemodynamic measurements were conducted following established protocols. Mice
were anesthetized with isoflurane and placed in a supine position on a homeothermic plate
(AD Instruments, Spechbach, Germany), which maintained body temperature at 37°C via a
rectal probe connected to a control unit. In certain cases, mice were intubated and attached to
a small-animal ventilator (MiniVent type 845, Hugo Sachs Elektronik, March-Hugstetten,
Germany) for respiratory support. A high-fidelity 1.4F micromanometer/Mikro-Tip Pressure
catheter (Millar Instruments, Houston, TX) was inserted into the RV through the right jugular
vein to record RVSP. Subsequently, the catheter was passed through the left carotid artery to
assess the aorta and LV, enabling the measurement of systemic arterial pressure (SAP). Data
acquisition and analysis were performed using the PowerLab system (MPVS-Ultra Single
Segment Foundation System, AD Instruments) and LabChart 7 software. Hemodynamic
measurements were performed on anesthetized, tracheotomized mice using a fluid-filled
catheter (PE 50 tubing).

3.2.3.6. Cardiac hypertrophy (Fulton index) assessment

After completing the measurements, the animals were exsanguinated by cutting the femoral
artery under deep anesthesia by receiving 5% isoflurane. The heart was perfused with PBS
and harvested. The RV was dissected out from the LV and septum (LV + S) to determine the

Fulton index by calculating the weight ratio of RV to (LV + S).
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3.2.3.7. Histology assessment

3.2.3.7.1. Medial wall thickness measurement of lung vasculature

To evaluate the medial wall thickness (MWT), the Weigert-Van Gieson staining method was
employed. Mouse lung tissue sections, prepared at a thickness of 4 um, were incubated at
60°C for 1 hr. Following incubation, the sections underwent deparaffinization by immersion in
xylol three times, each for 10 minutes. This was followed by rehydration using a graded ethanol
series (99% ethanol for 5 minutes twice, then 80% ethanol for 5 minutes, and finally 70%
ethanol for 5 minutes). The slides were then immersed overnight at room temperature in
Resorcin-Fuchsin solution. The next day, the slides were rinsed in tap water for 15 minutes
and briefly dipped in distilled water. Afterward, they were stained with freshly prepared
Weigert's iron hematoxylin for 5 minutes, washed in tap water for another 15 minutes, and
subsequently treated with Van Gieson solution for 10 minutes. Following a brief rinse in distilled
water, the slides were dehydrated in a graded ethanol series in ascending concentrations (70%
ethanol for 5 minutes, 80% ethanol for 5 minutes, and 99% ethanol twice for 5 minutes each).
Finally, the slides were mounted using Pretex mounting medium and coverslips. The MWT of
the lung vasculature was analyzed using a Leica DM6000B microscope in conjunction with
Leica Qwin V3 software. MWT was determined by measuring the distance between the lamina
elastica interna and lamina elastica externa, applying the formula:

MWT (%) = (2 x medial wall thickness / external diameter) x 100.

3.2.3.7.2. Muscularization percentage of pulmonary vessels

Vascular remodeling was evaluated by double staining 4 um-thick paraffin-embedded lung
sections with antibodies against a-smooth-muscle-actin (a-SMA) and von Willebrand factor
(VWF). Hematoxylin was used as a counterstain, and the sections were analyzed under a light
microscope. A computerized morphometric system (Qwin, Leica, Wetzlar, Germany) was
employed to assess the extent of muscularization in small peripheral pulmonary arteries. The
proportion of fully muscularized pulmonary arteries was calculated as a percentage of the total
number of pulmonary arteries, following the method previously described. To assess vascular
remodeling, paraffin lung sections (3 uym) were double stained with anti—a-actin and anti-vWF.
Sections were counterstained with hematoxylin and examined by light microscopy using a
computerized morphometric system (Qwin, Leica, and Wetzlar, Germany) for assessing the
degree of muscularization of small peripheral pulmonary arteries. The percentage of fully
muscularized pulmonary arteries, relative to the total number of pulmonary arteries, was

determined as described.
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3.2.3.7.3. Immunofluorescence staining for cardiac hypertrophy assessment

Mouse heart tissues were fixed overnight at 4°C in 4% paraformaldehyde (PFA). The next day,
the tissues were transferred into PBS, dehydrated, and embedded in paraffin. From each fixed
heart, 4 pum-thick paraffin longitudinal sections were prepared. The sections were
deparaffinized by heating at 60°C for 1 hr, followed by three washes in xylene for a total of 30
minutes. Subsequently, the sections were immersed in ethanol solutions of varying
concentrations (99%, 96%, and 70%) for rehydration. Antigen retrieval was performed by
heating the sections in 1 mM citrate buffer (Invitrogen, USA) for 20 minutes. After allowing the
sections to cool at room temperature for 10 minutes, they were blocked with 5% BSA in PBS
for 1 hr. For staining, the sections were incubated with wheat germ agglutinin (WGA)
conjugated to Alexa-488 and isolectin B4 (IB4) conjugated to Alexa-594 (Table 3.2.14), both
diluted at 1:1000. These stains were used to assess cardiomyocyte cross-sectional area (CSA)
and capillary density, respectively. The sections were then counterstained with DAPI (diluted
1:1000 in PBS) for 10 minutes and mounted using Dako fluorescent mounting medium (DAKO,
Denmark). Fluorescence images were captured with a Keyence BZ-X810 microscope
(Keyence, Germany). CSA and capillary density were quantified using ImagedJ software (NIH,
USA). For each section, at least 10 randomly selected areas were imaged at 40x magnification

for analysis.

Table 3.2.14. Lectin used for staining

Antibody Running buffer Company
Hall ™

Whgat Germ Agglutinin, Alexa Fluor™ 488 A-11037 Invitrogen

Conjugate

Isolectin GS-IB4 From Griffonia simplicifolia,

Alexa Fluor™ 594 Conjugate 121413 Invitrogen

3.2.3.7.4. Staining for collagen deposition in the heart

To assess collagen deposition in heart tissue of the mice, Masson Trichrome staining with
Aniline Blue kit was utilized (18156, Morphisto, Germany), longitudinal paraffin sections were
deparaffinized and rehydrated (as mentioned in 3.2.3.7.3). Then the slides were stained with
Weigert's Hematoxylin for 10 minutes to highlight nuclei, followed by a wash in distilled water.
The slides were treated with 1% Phosphomolybdic Acid for 10 minutes, blotted, and stained
with Aniline Blue for 5 minutes, followed by another rinse. The slides were then dehydrated
using increasing ethanol concentrations (96% and isopropanol, 2—-5 minutes each), cleared
with xylol (10 minutes), and mounted with a xylol-based medium. The acquired images were

analyzed using ImagedJ software.

35



3.2.4. Cell phenotyping

3.2.41. Mouse lung dissociation

After dissecting two lobes of the right lung and transferring them into cold 1x PBS, the lung
tissue was minced into small pieces and placed into a 6-well plate containing 1.5 mL of enzyme
mix. The tissue was incubated at 37°C for 30 minutes with gentle rotation. The enzymatic
reaction was halted by adding DMEM supplemented with 10% FCS and 1% P/S, and the cell
suspension was then filtered through a 100 um cell strainer. Following centrifugation and RBC

lysis, the resulting cell pellets were prepared for FACS analysis.

3.2.4.2. Adult mouse heart dissociation

To dissociate the mouse heart, the aortic root and atria were removed, leaving the ventricles,
which were immediately transferred to a well of a 6-well plate containing 1x PBS (without Ca?*
and Mg?*). The ventricles were then finely minced into small pieces, and tissue dissociation
was performed using the Multi Tissue Dissociation Kit 2 (130-110-203, Miltenyi Biotec,
Germany), following the specific protocol for adult mouse heart dissociation. The tissue
fragments were transferred into a C-tube containing 2.5 mL of enzyme mix and processed with
the gentleMACS Dissociator. After dissociation, 7.5 mL of DMEM supplemented with 10% FCS
and 1% P/S was added to the dissociated tissue, and the cell suspension was filtered through
a 100 um cell strainer. Debris removal was performed according to the kit manual (130-109-
398, Miltenyi Biotec, Germany), followed by RBC lysis. The final cell suspension was then

prepared for FACS analysis.

3.2.4.3. Flow cytometry on lung, heart and BM

Single-cell suspensions were obtained from dissociated lung and heart tissues of mice,
following the procedure outlined in section 3.2.4.1 and 3.2.4.2. To prevent nonspecific binding,
cells were incubated with Fc receptor (FCR) blocking reagent (Miltenyi Biotec) in 0.5% PBS-
BSA for 20 min. After blocking and labeling the cells with fluorochrome-conjugated antibodies,
a FACS Symphony A5SE flow cytometer (BD Biosciences) was used to analyze the cells for
further characterization. Live and single-cell populations were identified by assessing FSC and
SSC profiles. The optimal antibody and reagent concentrations were determined through
titration. Single-color compensation controls were created using BD Comp-Beads to construct
multicolor compensation matrices. Fluorescence-minus-one (FMO) controls were employed
for accurate gating. Instrument calibration was verified daily with Cytometer Setup and
Tracking beads (BD Biosciences) to ensure proper functionality. Data were processed using
FlowJo V10 software (TreeStar). The antibodies used in the experiment are listed in Table
3.2.15.
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Table 3.2.15. Antibodies used for flow cytometry of lung and heart

Marker Fluorochrome Company
CD16/32 none Biolegend
CD3 PE-CF594 BD Biosciences
CD4 V500 BD Biosciences
CD8 BV650 eBioscience
CD11b BV605 eBioscience
CD11c AlexaFluor700 BD Biosciences
CD19 APC-H7 BD Biosciences
CD45 VioBlue Biolegend
CD206 FITC Biolegend
F4/80 PE-Cy7 Biolegend
HLA-DR (MHC II) APC Miltenyi Biotec
Ly-6C PerCP-Cy5.5 BD Biosciences
Ly-6G APC-Cy7 Biolegend
CD49%9b PE Biolegend
CD80 PE BD Biosciences
CD31 PE-Cy7 Miltenyi Biotec
3.24.4. HSCs phenotyping and sorting

Femurs and tibiae were removed from each mouse separately for single mouse analysis and

cleaned to remove excess muscles and fibrous tissues. BM cells were extracted by flushing

out from the bones with 3 ml cold 1x PBS using a 5 ml syringe (B. Braun SE, Germany) applied

with a 23G needle (BD Biosciences, USA). To enrich BM-mononuclear cells, the 3 ml cell

suspension was carefully loaded on top of 3 ml Histopaque® 1083 (Sigma, USA) and

seperated by density gradient centrifugation (400 x g, 30 min, RT), without setting the breaks.

The interphase was collected and washed twice with 1 x PBS (290 x g, 7 min, 4°C) and

resuspended in 100 yl FACS buffer and were counted. The cells were incubated with 1 pl of
the antibodies mentioned in table 3.2.16 and utilized for HSC phenotyping or sorting (163).
Table 3.2.16. Antibodies used for phenotyping of HSCs by flow cytometry

Marker Company
Biotin anti-mouse CD3¢ Biolegend
Biotin anti-mouse CD19 Biolegend
Biotin anti-mouse B220 Biolegend
Biotin anti-mouse CD11b/Mac1 Biolegend
Biotin anti-mouse Gr1 Biolegend
Biotin anti-mouse Ter119 Biolegend
Biotin anti-mouse CD41 Biolegend
BV510 anti-mouse Sca-1 Biolegend
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FITC anti-mouse CD48 Biolegend
BV421 anti-mouse CD117(cKit) Biolegend
PE anti-mouse CD150 Biolegend
PE-Cy5 anti-mouse CD135 Biolegend
BV711 Streptavidin Biolegend
eF780 Fixable viability dye eBioscience
APC-H7 mTer119 Biolegend
eF660 anti-mouse CD34 eBioscience

3.2.5. HILIC-MS Method for Metabolome Analysis

Metabolome analysis was performed using a hydrophilic interaction liquid chromatography
(HILIC) method coupled with high-resolution mass spectrometry. For sample preparation, 100
uL of Trifluoroethanol (TFE):H,O (1:1) was added to the samples, followed by incubation for
10 minutes. Subsequently, 200 uL of MeOH (1:1) was added, and the mixture was incubated
for another 10 minutes. An additional 200 uL of H,O and 10 pL of an internal standard mix
containing isotopically labeled standards (Homotaurine, Succinate-1,4-13C3, and Citrate-1,5-
13C3 at 0.04 mM) were added and incubated for 10 minutes. The samples were sonicated on
ice for 30 seconds, centrifuged at 14,000 rpm for 10 minutes at 4°C, and the supernatant was
transferred into a new tube. The samples were partially dried under nitrogen flow, frozen at -
80°C, and freeze-dried overnight. Dried samples were reconstituted in 7.5 uL of Milli-Q water,
sonicated on ice for 30 seconds, and mixed with 42.5 uL of acetonitrile, followed by a final
centrifugation (14,000 rpom, 10 minutes, 4°C). The supernatants were transferred to mass
spectrometry vials, and 5 uL of each sample was injected for analysis. Blank samples, quality
controls, and a 10-point standard curve were also prepared and analyzed.

The separation was carried out using a Waters Acquity UPLC BEH Amide column (2.1x100
mm, 1.7 ym) on an Agilent 1290 Infinity Il BIO HPLC system. The mobile phase consisted of
Solvent A (10 mM ammonium acetate and 5 uM medronic acid in water, pH 9.2) and Solvent
B (10 mM ammonium acetate in acetonitrile, pH 9.2). A gradient elution was used, starting at
85% B, decreasing to 10% B over 15 minutes, and returning to 85% B for re-equilibration. The
flow rate was set to 0.4 mL/min. Detection was performed using an Agilent 6495C QQQ mass
spectrometer in positive polarity mode with AJS ESI and dynamic multiple reaction monitoring
(MRM). Data analysis, including metabolite annotation and peak integration, was performed

using Skyline-daily software.

3.2.6. Statistical analysis

Statistical analysis was conducted using Prism 10 software (GraphPad Software Inc., San
Diego, USA). A two-tailed Student’s t-test was employed for comparisons between two groups.

For comparisons involving more than two groups, a one-way ANOVA followed by Tukey’s
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multiple comparison test was used to analyze unpaired, non-parametric variables. Data are
presented as mean = Standard Error of the Mean (SEM), with statistical significance defined
as p < 0.05.
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4. Results
41. Irg1’- mice display RV and LV dilation and dysfunction

To investigate the baseline cardiac phenotype in the absence of Irg1, male Irg1’- and control
WT mice were analyzed for cardiac function using echocardiography, a non-invasive imaging
technique. Subsequently, lungs and hearts were removed for anatomical and histological
examinations. Echocardiography revealed a significant increase in left ventricular internal
diameter (LVID) and a concomitant decrease in left ventricular ejection fraction (LVEF) in Irg1-
" mice (Figure 4.1.A, B). Examination of the right heart showed a remarkable increase in right
ventricular internal diameter (RVID) and RV wall thickness (RVWT) (Figure 4.1.A, C). In
addition, tricuspid valve plane systolic excursion (TAPSE), a parameter that assesses the
longitudinal contraction of the annular plane of the tricuspid valve toward the apex of the heart
during systole, was decreased in Irg7”-mice (Figure 4.1.A, D). While heart rate (HR) remained
unchanged between WT and Irg7”- mice (Figure 4.1.E), Irg7”- mice exhibited a significant
reduction in both stroke volume (SV) and cardiac output (CO) compared to WT mice (Figure
4.1.F). Physiological assessment revealed a significant increase in left ventricular (LV)
hypertrophy with a significantly increased LV mass to body weight (LV+septum/BW) and LV
mass to tibial length (LV+septum/tibial length) ratio (Figure 4.1.G). However, Irg7” mice

maintained a comparable body weight to WT mice (Figure 4.1H).
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LV dilation and failure in Irg7-/- mice. A) Representative

echocardiographic images of WT and Irg7’- hearts depicting LVID in the long-axis view (first
row), RVID (middle row) and TAPSE (last row) in the four-chamber view. B-E) Quantitative
echocardiographic measurements. B) LVID and LVEF. C) RVID and RVWT. D) TAPSE. E) SV
and CO. F) LV mass, measured as the ratio of LV weight to total body weight ((LV+S)/BW) or
tibia length ((LV+S)/Tibia length). G) Body weight (B.W.). LVID: Left ventricular internal
diameter; LVEF: LV ejection fraction; RVID: Right ventricular internal diameter; RVWT: RV wall
thickness; TAPSE: Tricuspid valve plane systolic excursion; HR: Heart rate; SV: stroke volume;
CO: cardiac output. LV mass to body weight (LV+septum/BW) and LV mass to tibial length
(LV+septuml/tibial length) ratio. n=7 mice per group. Error bars indicate mean with SEM. Data
were analyzed with unpaired Student's t-test *p<0.05, **p<0.01.
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4.2. Irg1-deficient mice develop cardiomyocyte hypertrophy and impaired

angiogenesis in the baseline.

To explore the cellular basis of cardiac hypertrophy, we performed immunofluorescence
staining of cardiac cross-sections from WT and /rg7”- mice using wheat germ agglutinin (WGA-
FITC) and isolectin b4 (IB4-596) for cell membrane and endothelial cell membrane staining,
respectively. This approach was designed to measure the cross-sectional area (CSA) of
cardiomyocytes and assess capillary density in the LV and RV. The results showed that Irg7™
mice exhibited a significant increase in CSA at baseline (Figure 4.2.A-C) in both ventricles,

accompanied by a marked decrease in capillary density (Figure 4.2.A, B and D).
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Figure 4.2: Cardiomyocyte hypertrophy and reduced capillary density in Irg7”-hearts. A,
B) Representative immunofluorescence staining of WGA (green), IB4 (red) and DAPI (blue).
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C) Quantification of LV and RV myocyte area, C) Quantification of LV and RV capillary density.
LV (n = 3), RV (n = 3). Scale bars: 50um. LV: left ventricle; RV: right ventricle. Error bars
indicate the mean value with SEM. Data were analyzed with an unpaired Student's f-test
*p<0.05, ***p<0.001.

4.3. Irg1-deficient mice exhibit increased collagen deposition in their hearts.

Since excessive collagen deposition may be associated with cardiac dysfunction and
hypertrophy because it contributes to stiffening of the myocardial ECM, we performed Masson
trichrome staining on cross-sections of hearts to examine total collagen deposition in the heart.
The collagen content was twice as high in Irg7” hearts, with a higher accumulation in the
perivascular area of the intra-cardiac vessels (Figure 4.3.A-B). We also analyzed the collagen
11 (Col Ill) content in mice. Western blot analysis of the LV of WT and Irg7”- mice showed an

upregulation of Col lll in Irg7”-hearts compared to WT (Figure 4.3.C-D).
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Figure 4.3: Increased collagen content in Irg7’- hearts. A) Representative images of
Masson'’s trichrome staining of WT and Irg 7" heart sections. Scale bars: 50um. B) Quantitative
analysis of the percentage of collagen deposition in heart slices from WT and Irg7” mice (n =
5 per group). C) Representative images of the protein content of collagen Il (Col Ill) and B-
actin (loading control) determined by Western blot analysis. D) Corresponding densitometric
quantification of Western blots as relative expression to the loading controls (n = 3 per group).
The error bars indicate the mean value with SEM. Data were analyzed with unpaired Student's
t-test *p<0.05.

4.4. Irg1” hearts display increased immune cell infiltration and altered myeloid cell

composition in the baseline.

Considering that Irg1 acts as an immunometabolic regulator, we performed a comprehensive

whole heart immune profiling of both WT and /rg7”- mice by flow cytometry (FACS) for our
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assessment (Figure 4.4.A). The data showed a marked increase in the infiltration of total
immune cells into the hearts of Irg7” mice (Figure 4.4.B), along with changes in the
composition of macrophages and DCs. The total population of macrophages
(CD45*Ly6C*Ly6G F4/80") increased significantly in the Irg7”-mice (Figure 4.4.C), particularly
in the subset of macrophages expressing low levels of MHC Il (MHC 1I'°%) (Figure 4.4.D). In
addition, the composition of MHC I1°™¥ DC was also increased in the Irg71”- hearts. In addition,
plasmacytoid DCs (pDCs, CD45"CD11c*MHCII*SiglecH"), which are key components of the
immune system and are characterized by their significant production of type | interferons,
showed increased populations in Irg1” hearts (Figure 4.4.E). However, the numbers of
monocytes (CD45°CD11b*Ly6C*), B cells (CD45*CD11bCD19") and neutrophils
(CD45*CD11b*Ly6G*) remained relatively unchanged between Irg7’"-and WT mice (Figure
4.4.F). These results suggest that Irg7”- mice have a unique immune cell profile in the heart
characterized by an increase in specific macrophage and DC populations. This imbalance in
the myeloid cell lineage could potentially impact the polarization and inflammatory response of

other immune cells, leading to changes in the transcriptome and morphology of the heart.
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Figure 4.4: Impaired macrophage and DCs deposition in the Irg71-deficient heart. A)
Schematic representation of FACS analysis for immune profiling of LV and RV in WT and Irg7
mice. B) Percentage of CD45+ cells in the total living cell population. C) Percentage of total
M® (CD45*Ly6C*Ly6G F4/80%) in the total living cells detected. D) Mean fluorescence intensity
(MFI) of MHC Il macrophages. E) MFI of CD11b"°" DCs (CD45*CD11¢*CD11b°") and pDCs
(CD45*CD11c*MHCII*SiglecH*). F) Proportion of monocytes (CD45*CD11b*Ly6C™),
neutrophils (CD45*CD11b*Ly6G*) and B cells (CD45*CD11b"CD19%) in the total number of
living cells detected. n = 4 per group. The error bars indicate the mean value with SEM. Data
were analyzed with unpaired Student's t-test. *p<0.05.
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4.5. Irg1” mice display altered transcriptomic signature in both RV and LV.

To elucidate the underlying mechanisms of cardiac hypertrophy in Irg7”- mice, we extracted
RNA from the RV and LV of WT and Irg7”- and performed transcriptomic profiling by bulk RNA
sequencing. Data analysis revealed that a total of 37 genes were differentially expressed in
the LV and 15 genes in the RV of Irg7”- mice compared to WT controls (FDR < 0.05; Log2FC
> +0.585; mean number > 5in) (Figure 4.5.A). Of these, 16 and 10 differentially expressed
genes (DEGs) were upregulated and 21 and 5 DEGs were downregulated in Irg7”- LV and RV,
respectively (Figure 4.5.B-C). To identify the most enriched pathways, Gene Set Enrichment
Analysis (GSEA) using Hallmark Pathway Analysis revealed changes (either upregulation or
downregulation) in the gene expression profile of 12 and 21 pathways in Irg7”- LV and RV,
respectively (normalized enriched score (NES) <> +1.3 and FDR < 0.2). The Venn diagram
visually depicts the distribution of differentially regulated signaling pathways in the RV and LV
of Irg1”- mice. There are 3 characteristic pathways that are altered exclusively in the LV, 12
pathways that are altered only in the RV, and 9 pathways that are altered in both ventricles
together, indicating a common regulatory pattern in the cardiac hypertrophy observed in these

Irg1-deficient mice (Figure 4.5.D).
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Figure 4.5: Transcriptomic profiling of LV and RV of Irg7”-mice compared to WT mice.
A) Volcano plot of all genes detected in the bulk RNA-seq of LV (top) and RV (bottom) (n = 4
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per group). The X-axis is the log2-base fold change (log2FC) and the Y-axis is the —log10-
base P value. The upregulated and downregulated genes in Irg7”- samples are shown in red
and blue, respectively. B) Heatmap showing the top 50 DEGs between WT and /rg7”-LV and
C) RV, based on log2FC (<> + 0.58) and statistical significance (FDR < 0.05). Each row
represents one DEG, and each column represents one sample. Red: represents the
upregulated DEGs and blue: represents the downregulated DEGs. D) The Venn diagram
visually represents the distribution of differentially regulated hallmark pathways in the RV and
LV of Irg7’- mice (normalized enriched score (NES) <> +1.3 and FDR < 0.2). n = 4 per group.
LV: left ventricle; RV: right ventricle.

4.6. Enrichment of inflammatory- and hypoxia-associated signaling pathways

contributes to RV and LV remodeling in Irg1” mice.

Analysis of Hallmark signaling pathways revealed that Hallmark hypoxia and Hallmark_
TNFa_signalling_via_NFkB appeared as prominently enriched gene sets in both the LV and
RV of Irg1’- mice (Figure 4.5.A and B). Transcriptomic analysis of the hearts of Irg7” mice
revealed significant dysregulation of gene expression associated with inflammation and

hypoxia, suggesting that these processes play a key role in the observed cardiac hypertrophy.
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Figure 4.6: Enrichment of TNF-a signaling via NF-kB and hypoxia features in Irg7’"- RV
and LV. A) Gene set enrichment analysis (GSEA) enrichment plots of TNF-a signaling via NF-
kB (top) and hypoxia hallmarks (bottom) significantly enriched in Irg7”- LV and B) RV. LV: left
ventricle; RV: right ventricle.
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4.7. Jmjd3 and End3 are associated with hypertrophic phenotype of Irg71”- heart.
RNA-seq data from RV and LV showed a significant increase in histone demethylase Jumoniji
domain-containing protein-3 (JMJD3, also known as KDM6B) in Irg7”- hearts. Jmjd3, which
demethylates histone 3 lysine 27 trimethylation (H3K27me3 ) to activate gene expression of
inflammatory pathways, including TNF-a and NF-kB, showed increased expression at both
MRNA and protein levels in (Figure 4.7.A-C). This upregulation was accompanied by a marked
reduction in H3K27me3 expression (Figure 4.7.B-C). In addition, endothelin 3 (End3), a
member of the endothelin family that is critical for HF-related cardiac and vascular pathology,
was among the significantly upregulated DEGs and showed increased protein levels in the
Irg17"- hearts (Figure 4.7.B and C). These results suggest that dysregulation of JMJD3 and
End3 may contribute to the cardiac hypertrophy phenotype in Irg1”- mice.
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Figure 4.7: Upregulation of Jmjd3 and Edn3 in the Irg7’- heart. A) Jmjd3 mRNA expression
(ACT) in WT and Irg7"- LV (left) and RV (right). B) Representative images of protein levels of
Jmjd3, H3K27me3, Edn and loading controls: Hsp90 and Gapdh, determined by WB analysis.
C) Corresponding densitometric quantification of WBs (n = 4 per group) as relative expression
to the loading controls. Error bars indicate the mean value with SEM. Data were analyzed with
unpaired Student's t-test. *p<0.05, **p<0.01.

4.8. Irg1-deficient mice develop mild pulmonary vascular remodeling at baseline.

After observing RV dilatation in Irg7” mice, we performed a histological examination of
pulmonary vascular remodeling. Using elastica van Gieson staining, which highlights the inner
elastic lamina and collagenous intimal thickening, the medial wall thickness of pulmonary
vessels was examined. To determine the degree of muscularization in the small peripheral
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pulmonary vessels (20-70 ym), lung sections from mice were double stained with anti-a-
smooth muscle actin (aSMA) and anti-von Willebrand factor (vVWF). Quantification of the data
revealed that /rg7”- mice had significantly greater medial wall thickness in microscopic small-
(20-70 uym) and medium-sized (70-150 um) vessels (Figure 4.8.A, B). In addition, the number

of muscular microvessels increased (Figure 4.8.A, C).

A B C
S 77 R W A 7 L TE
WT o W e 1 o TR
{ -—\ ' 4 7o ’ § 10 k%% 2 o« WT _ *
v /\\ ;;A.‘ S { % o] A A Irg1'/' §
> : < ) ~ N g *s 2 A
Y \ = = 8 6
‘ - ™R L 64 Asd < E
AP . £ 8 3
2um|} P 2 % 4 A [ A 3 E 4+ [ ]
FaREe > 7 0 &
Irg1/- Irg1/- Gy EL] S 3 5 )
. o B g, R ® 2 T
: 4 , By 5 =
( il ‘ il C\ ] =0 T T T '-':-, 0-
_/ oA - S e 20-70 70-150 >150 WT Irg1™”
. um um um

Figure 4.8: Remodeled pulmonary vessels in Irg7’- mice. A) Representative images of
immunostaining with VWF and a-SMA (left) and staining of medial wall thickness (elastin, right)
B) Percentage of thickening of the medial wall of pulmonary vessels (n = 6 lungs per group).
C) Percentage of fully muscled vessels (20—70 um in diameter) (n = 5 lungs per group). Scale
bars: 20um. The error bars indicate the mean with SEM. Data were analyzed using two-way
ANOVA and unpaired Student's t-test *p<0.05, **p<0.01, ***p<0.001.

4.9. Irg1’mice develop an exacerbated PH phenotype under hypoxic condition.

Given the observed cardiopulmonary phenotype associated with Irg1/ltaconate deficiency, we
sought to further elucidate the role of the IRG1/Itaconate axis in CVD using the PH hypoxia
mouse model. This established model effectively induces pulmonary vascular remodeling and
subsequent RV hypertrophy in mice (164). In our study, WT and Irg7”- mice were exposed to
hypoxia (10% 0O2) for five weeks and underwent extensive hemodynamic and
echocardiographic studies. After the interventions, the harvested organs, particularly the lungs
and BM cells, were analyzed for immune cell profiles by FACS (Figure 4.9.A). Remarkably,
Irg1’- mice exhibited a marked increase in RV systolic pressure (RVSP) compared to WT mice,
while LVSP remained unaffected (Figure 4.9.B). RV hypertrophy was more pronounced in Irg1-
deficient mice, as evidenced by an increased Fulton index (RV/LV+septum) (Figure 4.9.C),
increased RV wall thickness and RVID (Figure 4.9.D). Irg1’- mice also showed worsening of
Cl and SVI (Figure 4.9.E). In addition, two other critical PH-related parameters, TAPSE and
pulmonary vascular resistance index (PVRI), were severely deteriorated in /rg7”- mice (Figure
4.9.F). LVEF was similarly impaired in hypoxic Irg7”- mice as at baseline, and this impairment

might be independent of PH-associated phenotypes (Figure 4.9.G).
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Figure 4.9: Aggravated PH phenotype in Irg7-deficient mice. A) Schematic representation
of the hypoxia mouse model: WT and Irg7”- mice were exposed to hypoxia for five weeks,
followed by hemodynamic and echocardiographic examinations. Single cell suspensions from
BM and heart lung were used for FACS immunoprofiling. B) Hemodynamic measurement of
RVSP and LVSP. C) Fulton index (RV/(LV+septum)). D-G) Echocardiographic measurement
of cardiac parameters in hypoxia-exposed WT and /rg7”- mice. D) RVWT and RVID. E) Cl and
SVI. F) TAPSE and PVRI. G) LVEF. RVSP: right ventricle systolic pressure; LVSP: left ventricle
systolic pressure; RVWT: RV wall thickness; RVID: RV internal diameter; ClI: cardiac output
ratio to body weight; SV: stroke volume ratio to body weight; TAPSE: Tricuspid valve plane
systolic excursion; LVEF: LV ejection fraction. n = 5-7 mice per group. The error bars indicate
the mean value with SEM. Data were analyzed using two-way ANOVA and unpaired Student's
t-test *p<0.05, **p<0.01, ***p<0.001.

4.10. Hypoxia induction aggravates pulmonary vascular remodeling in Irg1’- mice.

Vascular remodeling as the most important pathological feature of PH was studied in hypoxic
mice. Both the thickness of the medial vessel wall and the number of muscular microvessels
were significantly greater in hypoxic /rg7”- mice compared to hypoxic WT mice (Figure 4.10.A-
C). These results suggest that Irg1 deficiency worsens the cardiopulmonary phenotype under

hypoxia conditions and leads to exacerbation of PH.
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Figure 4.10: Evaluation of pulmonary vascular remodeling in hypoxia-exposed WT and
Irg1’- mice. A) Representative images of immunostaining with medial wall thickness (elastin,
top) and vWF and a-SMA staining (bottom). B) Percentage of thickening of the medial wall of
the pulmonary vessels. C) Percentage of fully, partially and non-muscularized vessels (20-70
um diameter). WT n = 5 for WT and n = 7 for Irg7” lungs per group. Scale bars: 20um. Error
bars indicate the mean value with SEM. Data were analyzed with two-way ANOVA, *p<0.05,
**p<0.01.

4.11. Irg1 deficiency elevates myeloid-derived immune cells composition, in lung of

hypoxia-exposed mice.

To understand how immune cell composition changes in hypoxia-exposed Irg7’- mice
compared to WT mice, we performed lung immune profiling using FACS. The data showed
that the total populations of macrophages (CD45*CD11b*Ly6C*F4/80"), DCs (CD45*CD11c")
were increased in Irg7”" lungs (Figure 4.11.A), while the total number of AMs (CD45*CD11b"
CD11c* Ly6C*F4/80*) and monocytes (CD45"CD11b*Ly6C™*) remained unchanged (Figure
4.11.B). In addition, the proportion of natural killer cells (NKs, CD45*CD3'CD49b*) was
increased in Irg7" lungs (Figure 4.11.C). The composition of Neutrophils
(CD45*CD11b*Ly6G*), B cells (CD45°CD11b"CD19*) and T cells (CD45*CD11b"CD3*) was
also unchanged (Figure 4.11.D). These results suggest that /Irg1 deficiency leads to a specific
increase in certain immune cell populations under hypoxic conditions, which may contribute to
the exacerbated PH observed in these mice. The increased levels of M®s, DCs, suggest a
possible role of myeloid-derived cells in mediating the enhanced inflammatory response and

vascular remodeling associated with Irg7 deficiency in hypoxia-induced PH.
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Figure 4.11: Increased composition of myeloid cells in hypoxic Irg7” mice. FACS
immunoprofiling of hypoxia-exposed WT and Irg7”- lungs: A) Percentage of interstitial
macrophages (CD45'CD11b*Ly6C*F4/80%), DCs (CD45'CD11c*), B) AMs (CD45"CD11b
CD11c* Ly6C*F4/80%) and monocytes (CD45"CD11b*Ly6C™) of the total living cells detected.
C) Quantification of the composition of NKs (CD45'CD3CD49b*). D) Neutrophils
(CD45'CD11b*Ly6G*), B cells (CD45'CD11b'CD19*) and T cells (CD45'CD11b"CD3*)
compositions as a percentage of the total living cells detected. DCs: dendritic cells; AMs:
alveolar macrophages; NKs: natural kKiller cells. n = 5-6 per groups. The error bars indicate the
mean value with SEM. Data were analyzed using unpaired Student's t-test. *p<0.05. **p<0.01.

4.12. Irg1-deficient mice display impaired immune cell composition in BM.

The BM serves as a central hub for immune regulation as it influences the production and
differentiation of various subsets of immune cells, which in turn influences the infiltration of
immune cells into peripheral blood and other tissues. To explore these dynamics, we
performed comprehensive profiling of BM immune cell composition in hypoxic WT and Irg1”
mice using FACS. Unexpectedly, we observed a significant increase in the total immune cell
population in Irg7”- BM compared to WT (Figure 4.12.A). While the number of mature
monocytes (CD45'CD11b*Ly6C*) increased significantly in the Irg7’~ mice, the overall
macrophage (CD45*CD11b*Ly6C*F4/80")composition decreased significantly (Figure 4.12.B).
The number of DCs (CD45*CD11c") tended to decrease in the Irg7”- mice (Figure 4.12.C). In
contrast, the proportion of neutrophils (CD45"CD11b*Ly6G") and T cells (CD45*CD11b"CD3")
remained unchanged; however, the populations of mature B cells (CD45*CD11b"CD19*) were
also decreased in Irg1”- mice compared to WT mice under hypoxia (Figure 4.12.D). These data
suggest that macrophage and DC populations are increased in the lung, while these
populations are simultaneously reduced in the ground tissue of hypoxic Irg7” mice, possibly

due to increased infiltration into the bloodstream.
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Figure 4.12: Impaired myeloid cells composition in the BM of hypoxic Irg7’- mice. A-D)
FACS immunoprofiling was performed on BM cells from hypoxia-exposed WT and Irg7”- mice,
with immune cell populations quantified as a percentage of total live cells detected. A) Total
immune cells (CD45%). B) Mature monocytes (CD45"CD11b*Ly6C*) and total macrophages
(CD45*CD11b*Ly6C*F4/80"). C) DCs (CD45'CD11c*). D) Mature neutrophils
(CD45°CD11b*Ly6G*), mature B cells (CD45°CD11b"CD19%) and T cells (CD45"CD11b
CD3*). DCs: dendritic cells. n = 6 for WT. n = 5 for Irg7”. The error bars indicate the mean
value with SEM. Data were analyzed with unpaired Student's t-test. *p<0.05. **p<0.01.

4.13. The composition of myeloid lineage-derived cells is significantly elevated in

patients with group 1 PH.

Peripheral blood immune cell profiling of two cohorts, i.e., non-PH patients and Group 1 PH
patients, revealed a 12% increase in myeloid lineage-derived immune cells in Group 1 PH
patients. This finding is consistent with the phenotypes observed in Irg7” mice, which also
exhibit impaired myeloid cell composition in the BM and lungs in PH, in the form of increased

infiltration of myeloid cells in lung tissue (Figure 4.13).
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Figure 4.13: Enhanced myeloid cells population in group-1 PH patients. The donut
diagrams show the proportions of myeloid and lymphoid cells in the peripheral blood of Non
PH (left, n = 13) and Group 1 PH (right, n = 27).

4.14. Proinflammatory BMDMs and PBMC-derived macrophages are the
predominant cells expressing Irg7 in mice.

To characterize the cellular origins of Irg1 expression in mice, we investigated the
expression profiles of Irg1 using the BioGPS databases. The analysis showed that /Irg1
was highly and specifically expressed in PBMC and BMDMs that had been chronically
stimulated and polarized to M1 macrophages (Figure 4.14).
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Figure. 4.14: Irg1-expressing cells in the mouse BioGPS dataset of Mus musculus.

4.15. Irg1-deficient proinflammatory BMDMs induce cardiac hypertrophy and failure

markers in neonate cardiomyocytes as a paracrine effect.

The increased presence of CD45* cells, particularly macrophages, in the hearts of Irg7”- mice
indicates a remarkable interaction with the structural cells of the heart. This interaction is
important to understand how proinflammatory BMDMs responsible for Irg7 expression and
Itaconate production in mice affect cardiac fibroblasts and cardiomyocytes, which play a key
role in cardiac fibrosis and hypertrophy. To investigate the Irg7”paracrine effects of the

proinflammatory BMDMs of Irg7” on cardiomyocytes, BM cells were isolated from WT and
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Irg1”- mice, differentiated into BMDMs using murine Mcsf, and subsequently polarized into M1
macrophages by LPS stimulation. The conditioned media (CM) of WT and Irg7" M1
macrophages were then used to stimulate WT neonatal cardiomyocytes (nCM) (Figure
4.15.A). Irg1 protein expression was completely absent in /Irg7”’- M1 macrophages, whereas
WT-M1 macrophages exhibited high /rg71 expression (Figure 4.15.B). Compared to WT-M1
macrophages, Irg1”- M1 macrophages exhibited a distinct proinflammatory phenotype through
significantly increased IL-18 expression (Figure 4.15.C). Nppb and Nppa, the markers that are
reactivated during HF, showed a trend to increase in mRNA level in nCM treated with /rg7™"
M1-macrophage conditioned medium, while the upregulation of Nppb was more pronounced
(Figure 4.15.D). Remarkably, treatment of nCM with Irg7”- M1-macrophage CM resulted in
significant upregulation of myosin heavy chain 7 (Myh7) expression and downregulation of
myosin heavy chain 6 (Myh6) (Figure 4.15.B), which significantly altered the ratio of Myh7 to
Myh6 in nCM treated with CM from Irg7~ M1 macrophages compared to controls (Figure
4.15.E-F).
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Figure. 4.15: Upregulation of markers of HF in neonatal cardiomyocytes treated with
conditioned media of Irg1-deficient M1 macrophages. A) Schematic representation of the
in vitro experimental model: BMDMs from WT and Irg7" mice were polarized to M1
macrophages for 24 h by LPS stimulation. The conditioned medium (CM) was then collected
from the cells. Neonatal WT cardiomyocytes were then treated with CM from either WT- or
Irg1”- M1-polarized BMDMs to examine the paracrine effect on cardiac cells. Created with
BioRender.com. B) Representative images of protein levels of Irg1, determined by WB
analysis, and B-actin (n = 2 per group). C) IL-18 mRNA expression (ACT) in WT and Irg1”- M1

macrophages (n = 3 per group). D) Nppb and Nppa and E) Myh7 and Myh6 mRNA expression
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(fold change) in nCM treated with WT or Irg7”- M1 macrophages CM (n = 5 per group). F) Ratio
of Myh7 expression to Myh6 expression. The error bars indicate the mean value with SEM.
Data were analyzed with unpaired Student's f-test *p<0.05, **p<0.01, ***p<0.001.

4.16. IRG1-silenced M1 macrophages stimulate proliferation and pro-fibrotic

phenotype in cardiac fibroblasts.

To investigate the paracrine effects of IRG1-deficient M1 macrophages on human cardiac
fibroblasts (CFs), we knocked down /RG7 in macrophages derived from PBMCs from human
donors using IRG 1-targeted siRNA (silRG1) (Figure 4.16.A). This approach efficiently reduced
IRG1 expression compared to control siRNA (siControl). After silencing IRG1, macrophages
were polarized to the M1 phenotype with LPS and IFNy for 24 hours, which enhanced their
proinflammatory response as shown by increased levels of IL-1B and IL-6 compared to controls
(Figure 4.16.B). CM from these transfected M1 macrophages were then applied to CFs and
PASMCs to assess the effects on cell proliferation and pro-fibrotic phenotype. Of note,
periostin (POSTN), ACTC1 and COL1A2, the genes responsible for ECM development and
cell adhesion in cardiac tissue, were significantly upregulated in CFs treated with CM from
silRG1-M1 macrophages compared to controls (Figure 4.16.C). In addition, Both PASMCs and
CFs treated with CM of silRG1-M1 macrophages exhibited a significant increase in cell

proliferation without a corresponding increase in cell apoptosis (Figure 4.16.D-E).
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Figure. 4.16: Hyperproliferative and pro-fibrotic phenotype in cardiac fibroblasts treated
with IRG1-silenced M1 macrophage conditioned media. A) PBMCs from human donors
were differentiated into macrophage followed by /RG 7 silencing. Cells were then polarized into
the M1 phenotype by LPS + IFNy stimulation for 24 hours. Conditioned medium (CM) from the
Irg1-silenced M1 macrophages was collected after 24 hours and subsequently used to treat
human pulmonary arterial smooth muscle cells (PASMCs) and cardiac fibroblasts (CFs). After
24 hours of treatment, the growth and phenotype of CFs and PASMCs were assessed using
BrdU incorporation and cell death detection assays to evaluate proliferation and apoptosis,
respectively, and gPCR to measure the expression of fibrotic markers in CFs. Created with
BioRender.com. B) mRNA expression (fold change) of IRG1, IL-18 in siControl and silRG1
PBMC-derived M1 (n = 3). D) mRNA expression (fold change) of POSTN, ACTC1and COL1A2
in CFs treated with CM of siControl and silRG1-M1 macrophages (n = 3). C-D) Percentage of
cell proliferation (left) and cell apoptosis (right) of C) PASMCs and D) CFs treated with
siControl and silRG1 CM (n = 4). The error bars indicate the mean value with SEM. Data were
analyzed using unpaired Student's t-test *p<0.05, **p<0.01, ****p<0.0001.

4.17. Irg1’” BM cells contribute to cardiac hypertrophy and dysfunction.

To investigate the contribution of the hematopoietic organ BM, to the cardiac phenotype of
Irg1" mice, we transplanted WT-irradiated mice with either WT or Irg7” BM cells (Figure
4.17.A). Irg1’- BM recipient mice developed marked RV hypertrophy compared to WT BM
recipient mice, as evidenced by a significantly increased Fulton index (RV/LV+S) and RV mass
to body weight ratio (RV/BW), as well as a marked tendency towards an increased LV + septal
mass to body weight ratio (LV+S/BW) (Figure 4.17.B). However, body weight remained
constant between groups (Figure 4.17.C). Irg1-BM recipient mice showed deterioration in
echocardiographically determined cardiac functional parameters, including decreased Cl, SVI
and LVEF, although their heart rate was comparable to that of WT-BM recipient mice (Figure
4.17.D-F).
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Figure 4.17: LV and RV remodeling in Irg7"-BM recipient mice. A) Schematic
representation of the bone marrow (BM) transplantation model: WT-irradiated mice were
transplanted with BM cells from WT or Irg7”- mice and their hearts were analyzed by
echocardiography. Schematic figure was created with BioRender.com. B) Fulton index
(RV/(LV+septum)) (left), ratio of RV mass to body weight (center) and LV plus septal mass to
body weight ((LV+S)/BW) (right) C) Body weight. D) Cl and SVI. E) LVEF. n = 5-6 mice per
group. CI: cardiac output ratio to body weight; SV: stroke volume ratio to body weight; LVEF:
LV ejection fraction. The error bars indicate the mean value with SEM. Data were analyzed
using two-way ANOVA and unpaired Student's t-test *p<0.05, **p<0.01, ****p<0.0001.

4.18. Irg1’--BM recipient mice did not develop vascular remodeling.

Pulmonary vascular remodeling was investigated in BMT mice. Irg7’- BM recipient mice
showed no increase in medial wall thickness or percentage of muscularization in the pulmonary
vasculature compared to mice transplanted with WT BM cells (Figure 4.18.A-C). These results
suggest that the PH phenotype observed in Irg7”- mice may be a secondary consequence of
LV hypertrophy and dysfunction, ultimately leading to postcapillary PH. Therefore, longer
follow-up of BMT mice after transplantation is needed to further investigate progression of
pulmonary vascular remodeling and cardiac phenotype. In addition, exposing the BMT mice to

a second stress, e.g., hypoxia, could be beneficial for further evaluation of the PH-related

phenotype.
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Figure 4.18: Evaluation of pulmonary vascular remodeling in WT and Irg1”- BM recipient
mice. A) Representative images of medial wall thickness (elastin, top) and immunostaining
with VWF and a-actin (bottom) staining. B) Percentage of thickening of the medial wall of the
pulmonary vessels. C) Percentage of fully, partially and non-muscularized pulmonary vessels
(20-70 pym diameter). n = 6 lungs per group. Scale bars: 20um. Error bars indicate the mean
with SEM. Data were analyzed with two-way ANOVA.

4.19. Irg1-expressing cells are expanded in the BM niche following acute myocardial

infarction.
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Since Irg1-deficient BM cells have a direct impact on the cardiac phenotype, we wanted to
investigate the expression of Irg7 in BM cells under conditions of CVD. To this end, we
reanalyzed a publicly available single-cell transcriptome dataset from Hoffmann et al. (165),
investigating the effects of AMI on the vascular niche of mouse BM. In the cluster analysis,
Irg1-expressing cells were predominantly found in clusters 2, 8 and 10 of 17 identified clusters
in the vascular niche of mouse BM, with a significantly higher population in cluster 2 (Figure
4.19.A-C). Surprisingly, Irg1-expressing cells showed a significant increase on day 7 post-Ml
(Figure 4.19.D). However, the specific contribution of /rg1-expressing cells to AMI in mice and
their role in the differentiation of BM cells, which are the primary hematopoietic site in adult

humans, remains unclear.
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Figure 4.19: Irg1 upregulation in BM cells on day 7 after MI. A-C) scRNA-seq analysis of
the vascular BM niche in mice at three time points: 7 days (7 days) and 28 days (28 days) after
myocardial infarction, together with controls (0 days). A) Clustered cells from all time points
are visualized in t-SNE plots, B) with Irg71-expressing cells highlighted in blue. C) Enrichment
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of Irg1 expression Irg7in clusters 2, 8 and 10. D) Number of Irg71-expressing cells in 3 time
points.

4.20. Irg1/itaconate deficiency impairs HSC differentiation and expansion.

Since HSPCs are the origin of all blood and immune cells, we performed phenotypic analysis
of HSCs (Figure 4.20.A) in WT and /rg7”- BM samples by FACS to assess the effects of the
Irg1/Itaconate axis on HSC differentiation and frequency. /rg7”- mice had comparable amounts
of HSCs to WT controls, including LSKs (Lineage"Sca1*cKit") and ST-HSCs (LSK CD150
CD48") (Figure 4.20.B), while the composition of LT-HSCs (LSK CD150*CD48"), which are
characterized by stem states with quiescence and self-renewal, was significantly reduced in
Irg1"-BM (P-value = 0.087) Irg1”’ (Figure 4.20.C). Differentiation evaluation of multi-potent
progenitors revealed a distinct differentiation into downstream progenitors, MPPY (LK CD150
CD135%) in Irg1" mice, while MPP®M (LK CD150CD135CD48%) and MPPME (LK
CD150*CD135CD48%) showed no significant differences compared to WT controls (Figure
4.20.D). In addition, the population of granulocyte-monocyte progenitors (GMP, Lin"Sca1-
cKit*CD150-CD16/32*CD34") showed a clear trend towards expansion in Irg7”- BM (Figure
4.20.E). In addition to dysregulations in differentiation profile of HSCs in Irg1”- BM, cKit* sorted
cells of /Irg1-mice demonstrated a significant upregulation of IL-1B in mRNA level compared
to WT control. These results suggest that the Irg1/ltaconate axis plays a critical role in
regulating the balance of hematopoietic lineages, particularly by influencing long-term self-
renewal in LT-HSCs, which favors lineage priming of MPPY to promote the expansion of
granulocyte-monocyte progenitors. This underscores the far-reaching effects of Irg7 on HSC

function and lineage differentiation pathways.
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Figure 4.20: Impaired HSC differentiation in Irg7’- BM. A) Schematic representation of the
hierarchical models of hematopoiesis. The topmost HSC pool, referred to as long-term (LT-)
HSCs, comprises largely dormant with highest self-renewal potential giving rise to short-term
(ST-) HSCs. ST-HSCs are poised to exit quiescence faster than LT-HSCs with transient
repopulation potential differentiating into multipotent progenitor cells (MPP) with different
lineage propensities: MPPY for the lymphoid lineage, MPP®M for the granulocyte-monocyte
lineage and MPPE for the megakaryocyte-erythrocyte lineage, which then give rise to the
corresponding mature cell types such as megakaryocyte progenitor (MKE), granulocyte-
monocyte progenitor (GMP) and common lymphoid progenitor (CLP). B-E) FACS phenotyping
of HSCs, B) Quantification of LSK (Lin"Sca1*cKit*) as a percentage of lineage-negative (Lin")
cells. C) Frequency of LT-HSCs (long-term HSCs, right) and ST-HSCs (short-term HSCs, left)
within the LSK population in WT and /rg7”- mice. D) Composition of MPP subpopulations
(MPPY, MPP®M and MPPME) as a percentage of LK (Lin—c-Kit+) cells. E) Frequency of GMPs
as a percentage within the LK population. (n = 5 per group for FACS). F) IL-18 mRNA
expression in cKit* cells, measured by qPCR (n = 3 in WT, n =4 in Irg1™). Error bars indicate
the mean with SEM. Data were analyzed with unpaired Student's t-test. **p<0.01.

4.21. RNA-seq analysis reveals distinct transcriptional alterations in Irg7”-LKs.

To further elucidate the mechanisms underlying impaired hematopoiesis in Irg7”- HSCs, we
sorted two distinct subpopulations of BM cells by FACS: LKs and MPPY populations. Total
RNA was extracted from these cells and subjected to bulk RNA sequencing to analyze gene
expression profiles. PCA of RNA-seq data from LKs revealed that biological replicates (n = 4
per group) of both WT LKs and /rg7”- LKs were tightly clustered within their respective groups.
These clusters were clearly separated along the first two principal components, PC1 and PC2,
which accounted for 28.8 % and 21.2 % of the total variance, respectively (Figure 4.21.A). The
differential expression analysis, visualized by a volcano plot, shows the statistical significance
of the gene expression changes with the negative log10 of the false discovery rate (-log10
FDR) on the y-axis and the log2 fold change (log2 FC) on the x-axis. A total of 213 DEGs were
identified. Among them, 133 DEGs were upregulated (shown as red dots) and 80 genes were
downregulated (shown as blue dots) in Irg7”- LKs (log2FC <> + 0.58) (Figure 4.21.C). The 50
most significant DEGs, based on the largest absolute fold change (FDR < 0.05), were plotted
in a heatmap (Figure 4.21.D), highlighting the different expression patterns between the two
groups. These results suggest that loss of Irg7 significantly alters the transcriptional landscape

of HSCs, possibly contributing to the impaired hematopoiesis observed in Irg7” mice.
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Figure 4.21: Transcriptomic profiling of WT and Irg7’- LKs. A) Principal component
analysis (PCA) of WT and Irg7” LKs showing the distribution of the gene profile of each
sample. WT samples are shown in green and Irg7’- samples in gray. B) Volcano plot of all
genes detected in the mass RNA-seq. The X-axis is the log2 base fold change (log2FC) and
the Y-axis is the —log10 base false discovery rate (-log10FDR). C) The heatmap shows the top
50 DEGs between WT and Irg71”- LKs based on log2FC (<> + 0.58) and statistical significance
(FDR < 0.05). Each row represents one DEG, and each column represents one sample. Red:
representation of upregulated DEGs and blue: representation of downregulated DEGs in Irg1-
-LKs. (n = 4 per group).

4.22. Irg1-deficiency drives enrichment of NLRP3 inflammasome and purine

metabolism pathways in LKs.

GSEA of differentially regulated genes in Irg1’- LKs compared to WT LKs highlights the 10
most enriched pathways in both the upregulated and downregulated categories, based on
Reactome pathways with an FDR cutoff of <0.2. In Irg7” LKs, significant upregulation of
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inflammation-related pathways is observed, particularly the NLRP3 inflammasome signaling
pathway, which is a key mediator of innate immune activation. The NLRP3 inflammasome is
known to drive the production of proinflammatory cytokines such as IL-18, affecting the BM
microenvironment and potentially impairing hematopoiesis. The involvement of ERBB2-related
signaling pathways in cell motility and inflammation underscores the inflammatory phenotype
of Irg1 LKs, as these pathways can promote immune cell migration and inflammatory
responses. Interestingly, purine catabolism is also upregulated in Irg1”- LKs (Figure 4.22).
Purine catabolism plays a crucial role in the degradation of purine nucleotides to generate
energy and metabolic intermediates. This metabolic shift could be a compensatory mechanism
to support increased immune activity in Irg7”-LKs, but it could also contribute to cellular stress
over time, potentially affecting HSC function and homeostasis. The significant upregulation of
Purinergic Receptor P2X 7 (P2rx7) in Irg1” LKs suggests enhanced purinergic signaling due
to increased extracellular ATP acting in synergy with NLRP3 inflammasome activation. This
dual activation likely promotes the mobilization of LKs and the egress of HSC cells from the
BM. This reveals a mechanism by which enhanced purinergic signaling and inflammasome

activity disrupt HSC dynamics and impair hematopoiesis under Irg1-deficient conditions.
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Figure. 4.22: GSEA analysis between WT LK and Irg7”- LK. The 10 most enriched reactome
pathways (FDR < 0.2) when comparing WT and Irg7” LK cells. Bars show —log10(FDR)
scores, where blue represents downregulated and red represents upregulated pathways in
Irg1”- LKs.
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4.23. RNA-seq analysis reveals distinct transcriptomic signature in Irg7”- MPPYY.,

Considering that the MPPY subpopulation had the most significant changes in Irg1"-BM, it
was crucial to gain insight into the transcriptomic changes within this specific group. PCA of
WT and Irg7”- MPPY populations (n = 3 per group) shows a clear separation along Dim1 and
Dim2, accounting for 30.7% and 25.5% of the total variance, respectively (Figure 4.23.A). This
segregation highlights the unique transcriptional profiles of WT MPPY (green) compared to
Irg1- MPPY (gray), with each group showing tight clustering between replicates. Differential
expression analysis, illustrated by the volcano plot (Figure 4.23.B), shows the statistical
significance of gene expression changes (-log10 FDR) on the y-axis versus the log2FC scale
on the x-axis. Genes that are significantly upregulated in Irg7’- MPPY are represented by red
dots, while those that are upregulated in WT are shown as blue dots. A total of 156 DEGs were
identified, with 132 genes upregulated in Irg7’- and 24 downregulated. /rg7”- The heatmap
highlights the top 50 DEGs with the highest absolute fold changes and provides a clear
visualization of the most striking gene expression differences between the two genotypes and

illustrates the transcriptional shifts in Irg7”- MPPY cells (Figure 4.23.C).
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Figure 4.23: Transcriptomic profiling of WT and Irg7”- MPPY. A) PCA of WT and Irg1”
MPPY showing the distribution of the gene profile of each sample. WT samples are shown in
green and Irg1”- samples in gray. B) Volcano plot of all genes detected in the bulk RNA-seq.
The X-axis is the log2 base fold change (log2FC) and the Y-axis is the —log10 base false
discovery rate (-log10FDR). C) The heatmap shows the top 50 DEGs between WT and Irg7™
MPPY based on log2FC (<> + 0.58) and statistical significance (FDR < 0.05). Each row
represents one DEG and each column represents one sample. Red: represents the
upregulated DEGs and blue: represents the downregulated DEGs in Irg7”- MPPY. (n = 3 per

group).

4.24. Interferon-associated inflammatory signaling and complement pathway

activation are upregulated in Irg7” MPPY.,

GSEA of Irg1- MPPY compared to WT MPP"Y populations using Gene Ontology with an FDR
cutoff of <0.2 shows that Irg7”- MPP"Y cells display enrichment of inflammatory and immune
response pathways, consistent with findings in LKs, including innate immune response—
activating signal transduction, cellular response to interferon-beta, cellular response to
interferon-alpha, and complement activation, classical pathway. In addition, the enrichment of
the nucleoside diphosphate synthesis pathway associated with purine metabolism indicates a
requirement for nucleotide resources. The overlap of these immune and metabolic pathways
between MPPY and LKs suggests a consistent inflammatory and metabolically active state in

Irg1- HSC subpopulations that affects hematopoietic differentiation and fate (Figure 4.24).
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Figure. 4.24: GSEA analysis between WT MPPY and Irg7’- MPPY. Top 10 enriched gene
ontology (FDR < 0.2) compared between WT and Irg1”- LK cells. Bars show —log10 (FDR)
scores, where blue represents upregulated and red represents downregulated pathways in
Irg1- MPPY.

4.25. Loss of Irg1 disrupts purine metabolism in LKs.

To investigate the role of the Irg1/itaconate axis as an immunometabolic regulator for the
metabolic profile of LKs, a metabolomic analysis was performed on these cells. Among the
metabolites analyzed, we focused on those involved in the purine pathway, as genes within
this pathway showed significant changes in their transcriptomic profiles in Irg7” LKs (Figure
4.25.A). In particular, the levels of purine nucleotides, adenine and guanosine were
significantly reduced in Irg1"- LKs (Figure 4.25.B). Although the concentrations of guanosine
monophosphate (GMP) and inosine monophosphate exhibited a notable reduction in Irg7”
LKs, the diphosphate metabolites remained unchanged between Irg7” and WT-LKs (Figure
4.25.C). Conversely, these cells exhibited a marked increase in nucleoside triphosphates of
the purine pathway, including adenosine triphosphate (ATP), guanosine triphosphate (GTP)
and inosine triphosphate (ITP) (Figure 4.25.D). These results suggest that loss of Irg7 disrupts
purine metabolism and alters the expression of enzymes that are critical for regulating this

metabolism.
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Figure 4.25: Altered purine metabolism in Irg7’- LKs. A) Volcano plot comparing metabolite
levels between WT-LK and Irg7”- LK, highlighting the significantly altered metabolites (log10-
fold change =1.20 or <0.80; p < 0.05). B) Abundance of purine nucleosides: adenosine,
guanosine and inosine. (C) Purine monophosphates (AMP, GMP, IMP) and diphosphates
(ADP, GDP, IDP). (D) Purine triphosphates: ATP, GTP and ITP.n=5in WT LKs.n=7in Irg1
" LKs. The error bars indicate the mean value with SEM. Data were analyzed with a two-way
ANOVA and an unpaired Student's t-test. *p<0.05, **p<0.01, ****p<0.0001.
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5. Discussion

In this thesis, | investigated the effects of the IRG1/Itaconate axis on the cardiopulmonary
phenotype, focusing on its immunometabolic regulatory function. Both in vitro and in vivo
results show that this axis plays a crucial protective role for the cardiovascular system through
inter-organ communication actively mediated by the BM. Specifically, we show that
IRG1/Itaconate modulates the differentiation and mobilization of HSPCs via immunometabolic
mechanisms, which in turn shapes the composition of immune cells in the circulation and
ultimately influences their infiltration into the lung and heart. These findings emphasize the
importance of BM-derived cells, particularly those derived from HSC lineages, in the
development and progression of cardiopulmonary diseases, including PH. In addition,
itaconate could be a potential therapeutic target for cardiovascular complications. Our main

findings are therefore as follows (Figure 5.1):

1) Irg71-deficient mice develop RV and LV hypertrophy and dysfunction at baseline. This
phenotype was characterized by a distinct molecular signature involving enrichment of
markers TNF-a_via_NF-kB signaling and hypoxia, and upregulation of key markers

involved in the vascular and epigenetic machinery, such as Edn3 and Jmjd3 in the heart.

2) Irg1-deficient mice exhibited mild pulmonary vascular remodeling at baseline but
developed exacerbated PH when exposed to chronic hypoxia compared to WT mice,

demonstrating increased susceptibility to PH stimuli.

3) In the heart and lungs of Irg7-deficient mice, we observed remarkable changes in immune
cell composition, particularly in the myeloid lineage. This shift in immune cell populations
contributes to the observed cardiopulmonary dysfunction leading to an inflammatory

signature in the heart.

4) Proinflammatory BMDMs from Irg1" mice induce cardiac remodeling markers in
cardiomyocytes and notably increase Myh7:Myh6 ratio via a paracrine effect, suggesting
that Irg1/itaconate-deficient BMDMs play a vital role in promoting cardiac hypertrophy and

dysfunction.

5) Adoptive transfer of BM from Irg1”- mice into naive WT mice results in cardiac hypertrophy,

emphasizing the strong contribution of BM to cardiac dysfunction in Irg1 deficient mice.

6) Irg1-deficient HSCs exhibit impaired multipotency characterized by a reduction in LT-HSCs
and a pronounced shift towards MPP-Ly, disrupting immune cell dynamics. This
dysfunction is associated with dysregulation of immunometabolism, as impaired purine
metabolism in Irg7”- HSCs activates the NLRP3 inflammasome, potentially affecting

mobilization of HSCs and contributing to altered hematopoietic and immune responses.
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Figure 5.1: The schematic figure representing the findings of my thesis. A)
IRG1/Itaconate deficiency exacerbates inflammation in the heart by increasing immune cell
infiltration, particularly macrophages and DCs and promoting the activation of JMJDS3-
mediated inflammatory signaling pathways, contributing to cardiac hypertrophy and
dysfunction. B) The IRG1/Itaconate deficiency leads to heightened immune cell infiltration and
vascular remodeling in the lung. C) In HSCs, the IRG1/Itaconate axis modulates intracellular
metabolic pathways, including purine metabolism, to regulate ATP levels and downstream
inflammatory responses. Elevated extracellular ATP, resulting from IRG1/Itaconate deficiency,
activates P2X7 receptors, promoting NLRP3 inflammasome assembly and caspase-1
(CASP1) activation, leading to the production of proinflammatory IL-1B. Created with
BioRender.com.
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5.1. IRG1/ltaconate axis displays a protective role in CVD.

Itaconate has been investigated in various in vivo and ex vivo models as a potential therapeutic
target for CVD, with evidence of its role in improving cardiovascular structure and function
through specific pathways (Figure 5.2). However, previous studies have primarily focused on
the protective or therapeutic functions of IRG1 or itaconate in specific CVD such as Ml and
atherosclerosis (166). To date, no studies have investigated the underlying cardiovascular
abnormalities resulting from Irg1/ltaconate deficiency. As part of my dissertation project, we
investigated in detail the structural and functional parameters of cardiac hypertrophy and
failure in Irg7”- mice, and the observed RV remodeling in these mice drew our attention to

possible changes in their pulmonary vasculature.

Duan et al. demonstrated that Irg7-deficient mice exhibited larger infarct size, increased
myocardial fibrosis and impaired cardiac function following doxorubicin-induced myocardial
injury. Mechanistically, Irg7 deficiency led to increased production of proinflammatory
cytokines due to inhibition of NRF2 and activation of transcription factor 3 (ATF3) in cardiac
macrophages. Importantly, administration of 40l in vivo as a rescue experiment successfully
reduced cardiac inflammation and fibrosis, effectively preventing adverse ventricular
remodeling in Irg71-deficient mice subjected to MI. These results indicate that /RG7 plays a
critical role in limiting inflammation and protecting against cardiac dysfunction in ischemic or
toxic injury (167). With respect to cardiac fibrosis, our data are fully consistent with these
observations and show that Irg7” hearts have significantly higher collagen deposition
compared to WT hearts, which is associated with upregulation of Collagen lll. Furthermore,
the significant increase in the total number of immune cells, especially macrophages, in Irg1”-
hearts were corraborated by our in vitro experiments. Notably, /IRG7-silenced human M1
macrophages significantly induced hyperproliferative and pro-fibrotic phenotypes in human
CFs through the upregulation of fibrotic and ECM markers, including Postn, Col1a2 and Actc1.
These results indicate that IRG1 is a critical regulator of inflammatory and fibrotic responses
in cardiac pathology. However, further studies are needed to uncover the IRG1/ltaconate-

modulating molecular pathways that regulate ECM production by CFs.

Studies in atherosclerotic CVD have shown that IRG1 expression and itaconate production
increase in myeloid cells of atherosclerotic plaques (168, 169). Chronic activation of innate
immune system cells, including monocytes, macrophages and neutrophils, within the plaque
creates a preserved inflammatory environment (170). Macrophages play a central role in
atherosclerosis by recognizing and degrading oxidized low-density lipoprotein (LDL), which
activates proinflammatory signaling pathways and the NLRP3 inflammasome, leading to the
release of cytokines such as IL-1B (171). Neutrophils contribute to the plaques by releasing

ROS, neutrophil extracellular traps (NETs) and proteases, which increase inflammation and
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allow further infiltration of immune cells (172). Cyr et al. found that activation of the NLRP3
inflammasome in macrophages leads to increased IL-1f production, boosting inflammtion. In
IRG1 deficiency, inadequate resolution of this inflammation promotes plaque progression,
which can lead to heart attack or stroke (168). The IRG1/itaconate axis plays a protective role
in atherogenesis by regulating inflammation through the activation of NRF2 signaling. In vitro
studies have also shown that 40l supplementation attenuates proinflammatory signaling
pathways in human PBMCs treated with CVD patient plasma, reduces neutrophil
degranulation and enhances antioxidant and anti-inflammatory signaling pathways in
macrophages (169). Our results contribute to this understanding and demonstrate that NLRP3
inflammasome activation in IRG1-deficient HSC cells impair their differentiation and
mobilization, leading to defective HSC function. These phenotypic changes in IRG 1-deficient
HSCs, as the origin of immune cells, may contribute to inflammatory cascades that promote
atherogenesis.

During heart transplantation, acetylation of histones H3K9 and H3K27 decreases, impairing
gene transcription in the donor heart. Lei et al. demonstrated that preservation of the heart in
a solution containing the histone deacetylase inhibitor valproic acid (VPA) improved donor
heart function by upregulating /RG7 and increasing itaconate production. This was achieved
by enhanced translocation of NRF2 to the nucleus, which reduced oxidative stress and
increased the activity of antioxidant proteins. The study emphasizes that the cardio-protective
effects of VPA are dependent on IRG1-driven itaconate production. In addition, treatment with
exogenous 40l improved cardiac function and reduced oxidative DNA damage (173). These
results highlight the epigenetic regulatory role of the itaconate metabolite. In this context, my
data also showed that JMJD3, a histone demethylase, may be upregulated in IRG1/ltaconate-
deficient hearts. Further studies are needed to determine whether itaconate plays a primary

regulatory role in this mechanism.
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Figure. 5.2. Contribution of IRG1/ltaconate axis to CVD. A) Itaconate promotes myocardial
repair following MI by enhancing cardiac stromal cell function, modulating inflammatory
responses, mitigating oxidative stress, and reducing fibrosis. B) Itaconate prevents aortic valve
calcification and stenosis in valvular heart disease via an anti-osteogenic effect through
inhibiting the production of reactive oxygen species (ROS) and endoplasmic reticulum stress
in valvular mesenchymal stromal cells. C) During heart transplantation, itaconate improves
donor heart function and resilience to ischemic stress by activating the Nrf2 signaling pathway,
dampening oxidative DNA damage and preserving cardiac performance. D) Itaconate protects
against chemotherapy-induced cardiotoxicity by attenuating acute myocardial injury through
the inhibition of inflammation and oxidative stress. Additionally, it shields mitochondria from
oxidative damage, mitigating drug-related cardiac dysfunction. E) In vascular disease,
itaconate regulates vascular remodeling by suppressing smooth muscle cell proliferation and

endothelial inflammatory responses. Reused under Creative Common CC BY license from
reference (166).

5.2. IRG1/ltaconate-deficiency drives cardiac hypertrophy and dysfunction through

activation of inflammatory and endothelin-associated pathways.

My data show that upregulation of Jmjd3 in Irg7” hearts mediates demethylation of
H3K27me3, leading to upregulation of TNFa via NFkB inflammatory signaling. JMJD3 is an
important epigenetic regulator that functions as a histone demethylase and specifically targets
the trimethylation of H3K27me3. This process plays a critical role in the activation of
transcriptome regulation associated with development, differentiation and inflammation (174).
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The activity of JIMUD3 depends on a-KG as an essential cofactor, while succinate, a by-product
of its enzymatic reaction, inhibits its function. Consequently, the intracellular balance between
a-KG and succinate can directly affect chromatin structure and gene expression (75). In
addition, itaconate contributes to succinate accumulation in M1 macrophages by inhibiting
SDH activity (150). As a result, increased itaconate level, decreased a-KG and enhanced
succinate concentrations can potentially impair JMJD3 activity (175). The electrophilic a, 8-
unsaturated carboxylic acid group of itaconate enables it to induce post-translational
modifications on glycolytic enzymes by alkylating their cysteine residues, thereby inhibiting
glycolysis and providing anti-inflammatory effects. In view of this, it is worth investigating
whether JMJD3 is one of the potential targets for itaconate-mediated modifications, despite

the potential of itaconate to indirectly contribute to the inhibition of JMJD3 activity (176).

A strong correlation was also found between JMJD3 and endothelin receptor type B (EDNRB)
expression. JMJD3 deficiency in SMCs leads to a reduction in EDNRB expression, which
triggers a compensatory upregulation of endothelin receptor type A (EDNRA). Since arterial
SMCs are critical for the regulation of vascular tone, upregulation of EDNRA due to JMJD3
deficiency promotes a synthetic phenotype in SMCs, leading to hypertensive arterial

remodeling (177).

In the same line, RNA-seq examination of LV and RV in Irg7"- mice revealed significant
upregulation of EDN3 in both ventricles. Endothelins (EDNs) are a family of three structurally
similar peptides, EDN1, EDN2 and EDN3, which play a key role in the pathophysiology of HF
(178). Increased EDN1 activity is associated with a variety of hypertrophy-associated CVD
(179). In particular, plasma levels of EDN1 correlate positively with the severity of HF in
patients with chronic HF, emphasizing its importance as a marker and factor for disease
progression (180). Both EDN1 and EDN3 are potent activators of the EDNRB receptor, which
mediates vasoconstriction and vasodilation and induces the release of nitric oxide and
prostacyclin, ultimately contributing to vascular relaxation and homeostasis (181). In vitro
studies show that EDN1 not only regulates the contractile function of SMCs and
cardiomyocytes, but also promotes their growth phenotype and induces cellular hypertrophy
(182). In addition, EDN3 selectively binds to EDNRB, where it can induce hypertrophy and
stimulate EDN1 production. Importantly, this hypertrophic response can be attenuated by
blocking the EDNRA receptor, suggesting that EDNRA antagonists can effectively prevent
hypertrophic changes in cardiomyocytes (183). Our results are consistent with these findings
and suggest that upregulation of Edn3 may contribute substantially to the cardiac hypertrophy
phenotype in Irg71”- mice. Previous research has shown that TNF-a can induce the expression
and release of EDN1 through NF-kB activation (184), ndicating that the elevated EDN3
expression observed in Irg1”’- hearts might be linked to TNF-a_via_NF-kB signaling, potentially

triggered by immune cell infiltration. In addition, itaconate-mediated epigenetic regulation may
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represent another mechanism affecting EDN3 expression, warranting further investigation into

its potential role in regulating endothelin expression and associated hypertrophic responses.

5.3. IRG1/ltaconate-deficiency drives pulmonary vascular remodeling and induce PH.

Itaconate and its derivatives have been shown to play significant roles in vascular diseases
due to their anti-angiogenic, anti-inflammatory, and antioxidant properties. In vascular
contexts, protective effects of itaconate have been demonstrated through its ability to attenuate
inflammation, inhibit vascular cell proliferation, and modulate angiogenic processes. For
example, increased itaconate expression in human and murine aortic aneurysms was shown
to mitigate inflammation via NRF2 activation, reducing aneurysm formation (185). Similarly,
the itaconate derivative dimethyl itaconate (DMI) inhibits endothelial cell angiogenesis by
suppressing their growth, migration, and invasion in a dose-dependent manner. This effect is
mediated through inhibition of IL-6, NLRP3, NF-kB, and IL-1pB, alongside NRF2 activation and
reduction of oxidative stress (186-188). These findings suggest that the anti-inflammatory and
anti-proliferative properties of itaconate derivatives may have broader implications for vascular

remodeling and disease prevention.

In the context of severe peripheral arterial disease (PAD), where M1 macrophages hinder
arteriogenesis, microRNA-93 (miR93) has been found to favor angiogenesis by
downregulating IRG1 and decreasing itaconate production, promoting M2-like polarization in
ischemic muscle (152). Similarly, itaconate has demonstrated potential therapeutic effects in
restenosis following stent implantation. Recent studies show that 40Ol-releasing scaffolds
inhibit smooth muscle cell proliferation and inflammation, improving vascular remodeling by
modulating TGF-B/SMAD signaling (189). Together, these findings underscore the
multifaceted role of itaconate in regulating vascular responses through its immunometabolic

functions.

Our results align with these observations, particularly in PH, where we found that IRG1-
deficient macrophages exhibit a proinflammatory phenotype characterized by increased IL-113
production, which drives a hyperproliferative response in PASMCs via paracrine mechanisms.
Furthermore, Irg7”- mice show significant pulmonary vascular remodeling and notable
increment of percentage of muscularization in micro vessels. When exposed to hypoxia, these
mice exhibit exacerbated PH phenotype compared to WT controls, indicating that the

IRG1/ltaconate axis plays a crucial role in remodeling of pulmonary vessels.

Although itaconate may regulate several immunometabolic mechanisms that affect
angiogenesis and vascular cell proliferation, the specific downstream pathways remain
incompletely defined. In this context, unpublished findings from our group (Mansouri et al.)

have identified a metabolic-based mechanism involving the reduction of the pentose
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phosphate pathway, which explains the anti-proliferative function of itaconate and its
derivatives on vascular cells. These findings provide a novel link between itaconate
metabolism and its regulatory role in vascular remodeling, supporting our observations of its

impact on pulmonary vascular cells.

Beyond PH, the IRG1/Itaconate axis has been implicated in other lung diseases, including
pulmonary fibrosis and asthma. In idiopathic pulmonary fibrosis (IPF), reduced IRG1
expression and itaconate levels in alveolar macrophages were associated with a pro-fibrotic
phenotype. Studies show that exogenous itaconate administration mitigates fibrosis by
inhibiting lung fibroblast proliferation and wound healing (190). In support of these findings, our
data show that IRG1 silenced macrophages promote the proliferation of CFs and induce a pro-
fibrotic phenotype in these cells. Furthermore, IRG1-deficient M1 macrophages express higher
levels of the proinflammatory cytokine IL-1B. This suggests that IRG1/Itaconate-deficient
macrophages develop a unique phenotype that can trigger hyperproliferative responses in

vascular cells through paracrine effects.

Beyond these, in allergic asthma, Irg1 deficiency exacerbates disease progression,
characterized by increased Th2 cytokines and a proinflammatory macrophage phenotype
(191). The role of itaconate extends to enhancing mucociliary clearance in respiratory
epithelium. Itaconate binds to the 2-oxoglutarate receptor (OXGR1), activating pathways that
improve mucus secretion and transport, thereby bolstering innate airway defense mechanisms
(192). Impaired mucociliary clearance contributes to diseases such as asthma, COPD, and
cystic fibrosis (193), further highlighting itaconate’s therapeutic potential across a spectrum of

lung diseases.

5.4. IRG1/ltaconate deficiency contributes to cardiopulmonary disease through

dysregulation of HSC differentiation and myeloid progenitor expansion.

The primary cells responsible for the expression of IRG1 are macrophages, which originate
predominantly from the HSCs in the BM. These macrophages infiltrate the lung and their
activity increases under pathological conditions. Our results suggest that Irg1-deficient mice
exhibit impaired differentiation of HSCs, with an increased shift of HSCs towards the MPPLYY
and GMP populations. This shift can lead to proliferation of myeloid cells, particularly
macrophages, in the lungs and heart, ultimately resulting in an inflammatory phenotype

manifested by cardiac hypertrophy and pulmonary vascular remodeling.

In agreement with our results, there is evidence that myeloproliferative abnormalities are
frequently found in the BM cells of PAH patients. This is also supported by the increased
prevalence of PAH in patients with myeloproliferative disorders such as myeloid leukemia and

primary myelofibrosis, suggesting a possible link between myeloid cells derived from the
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hematopoietic lineage and the pathogenesis of PAH (194-196). Higher levels of circulating
CD133* and CD34* cells were observed in PAH patients compared to healthy individuals, with
these cells showing a greater tendency to differentiate into the myeloid lineage (197). Asosingh
et al. demonstrated that transplantation of CD133* cells from PAH patients into nude mice
resulted in increased pulmonary pressure, further indicating the role of myeloid progenitor cells
in the development of PH (198).

Myeloproliferative neoplasms (MPN), which are characterized by chronic overproduction of
mature myeloid cells, are also frequently associated with an increased incidence of PH and
increased mortality (199, 200). In the WHO clinical classification, MPN-associated PH is
categorized as Group V PH. The importance of hematopoietic progenitor cells in PAH is also
emphasized by studies focusing on the BMPR2 gene. 25% of patients with idiopathic PAH
carry a mutation in BMPR2 (201). Heterozygous Bmpr2-null mice do not spontaneously
develop PAH. Similarly, in heritable PAH in humans, patients with heterozygous BMPR2
mutations have a lower penetrance (approximately 20—30%), suggesting that a second hit is
required for disease manifestation. Of note, transplantation of BMPR2-mutated HSCs into
irradiated mice followed by chronic low-dose LPS treatment resulted in the development of
PAH in recipients, whereas mice receiving WT HSCs were protected (202). This emphasizes
the role of BMPR2-mutated HSCs triggered by chronic inflammation in the pathogenesis of
PH. Our data show conceptual similarities with this phenotype: IRG1-silenced, LPS-treated M1
macrophages can induce a growth response in pulmonary vascular cells. Moreover, transfer
of Irg1- BM cells into naive irradiated WT mice resulted in increased RV and LV mass and

impaired cardiac function.

Further evidence for the involvement of HSCs in the pathogenesis of PH is the somatic JAK2
mutation (JAK2V617F), which has been described as the most frequently observed driver
mutation in patients with myeloproliferative disorders, particularly MPN (203). This mutation is
also one of the most common somatic mutations in clonal hematopoiesis. Small hematopoietic
cell clones carrying the JAK2 V617F mutation can contribute to the development of PH,
especially under conditions of chronic hypoxia. This process is associated with increased
perivascular neutrophil infiltration in the lung mediated by upregulation of activin A receptor-
like type 1 (Acvrl1), which encodes ALK1, a type | transmembrane serine/threonine kinase
receptor expressed in Ly6G* cells (204). Interestingly, itaconate and 40l have been shown to
inhibit JAK1 activation by direct post-translational modification at different cysteine residues
(153). Therefore, the modification of JAK signaling by itaconate and 40l may be a potential
mechanism by which the IRG1/itaconate axis regulates HSC function, including their

differentiation and relocalization in the BM and other organs.
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Regarding the contribution of BM-derived cells in CVD, Hoffmann et al. have shown that in a
mouse model of ischemic HF, 28 days after MI, there was a significant increase in progenitor
cells that were concentrated in the myeloid lineage, as evidenced by increased CD41
expression. Interestingly, the expression of Irg7 in HSCs initially increased 7 days after Ml but
then decreased until day 28 (165). This dynamic pattern is consistent with our findings on the
protective role of Irg1 in BM. Our data show that the IRG1/ltaconate axis regulates HSC
differentiation by inhibiting myeloid distortion in the BM niche, suggesting that this axis plays a

critical protective role in preventing the proliferation of myeloid progenitor cells after MI.

Our findings can be applied to clonal hematopoiesis of indeterminate potential (CHIP), which
represents a major age-related risk factor for several CVD, including coronary artery disease
and chronic HF (205-207). CHIP is characterized by the clonal expansion of HSCs due to
somatic mutations in genes such as DNMT3A, TET2, ASXL1 and JAK2 that occur during aging
in the human population (208, 209). These mutations, particularly DNMT3A mutations, confer
a selective advantage to certain HSCs leading to their immortalization, while loss of TET2
promotes greater myeloid bias in HSC differentiation (210). Interestingly, itaconate, a product
of mitochondrial metabolism, has been shown to inhibit TET activity, thereby altering the DNA
methylation profile in immune cells and affecting the immune response (151). This raises the
intriguing possibility that IRG1/Itaconate, a key component of mitochondrial metabolism, may
be dysregulated in HSCs with CHIP driver mutations (211). ltaconate has also been identified
as a potent SDHA blocker, supporting our hypothesis that dysregulation of the IRG1/Itaconate
axis in CHIP patients may impair the ability to effectively inhibit SDHA activity. Therefore, it is
necessary to investigate the effects of age-related driver mutation on IRG1/Itaconate levels in

the elderly human population with and without CHIP driver mutations.

Another aspect is that recent studies have elucidated the mechanisms by which CHIP
mutations contribute to cardiac dysfunction. For example, mutations in DNMT3A and TET2 are
associated with a proinflammatory phenotype in monocytes and other immune cells. Abplanalp
et al. showed that DNMT3A-mutated monocytes exhibit increased expression of genes
involved in inflammation, cytokine production and phagocytosis (212). This increased
inflammatory state promotes cardiac remodeling and fibrotic changes that exacerbate HF. We
observed similar phenotypes in cardiac cells (hnCMs and CFs) after treatment with the
supernatant of /RG7-ablated BMDMs or PBMC-derived macrophages. Therefore, by
attenuating the proinflammatory status in the macrophage population, IRG1 may function as a

checkpoint inflammatory factor during MI.

The results of our research on IRG1/Itaconate deficiency provide valuable insights into the
mechanisms by which proinflammatory immune cells contribute to cardiac hypertrophy and

dysfunction. They also open up possibilities for novel therapeutic interventions targeting
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immune cell metabolism to prevent or ameliorate HF associated with CHIP and other

inflammatory diseases.

5.5. IRG1/ltaconate axis regulate the differentiation and expansion of HSCs.

Recent observations have challenged the traditional model of HSC lineage restriction, which
previously suggested a clear separation into common myeloid and common lymphoid
progenitor pathways (213). Instead, there is evidence that MPPY retain the capacity for both
granulocyte-monocyte (GM) and Ilymphoid differentiation at the earliest stages of
lymphopoiesis, despite exhibiting reduced megakaryocyte-erythroid (MKE) transcription and
lineage potential. Studies have shown that the earliest thymic progenitors commited to the
lymphoid lineage also have combined T cell and GM differentiation capacities but lack MKE
potential (214), supporting the idea that MPPY retain GM potential. Consistent with these
findings, our data show that despite the observed increase in the MPPY population in the BM
of Irg1”’ mice, there is a concomitant increase in myeloid lineage cells in the BM, heart and
lungs of these mice. This suggests that the expanded MPPY pool in Irg7”- mice does not
impede myeloid differentiation. Instead, this suggests a more complex regulatory mechanism
that allows for the simultaneous expansion of both lymphoid-primed progenitor cells and
myeloid lineage cells, possibly indicating compensatory or alternative pathways that drive
myelopoiesis in Irg1-deficient mice compared to WT. The thrombopoietin receptor (MPL) is
essential for the maintenance of HSCs and megakaryocyte differentiation. Downregulation of
MPL in LKs, is associated with an increase in GM potential (215). Consistent with this, our
RNA-seq data show that Mpl expression is significantly lower in Irg1-deficient LKs, which are
the origin of MPPY, than in WT LKs, indicating a shift in their functional properties consistent
with this transition. Accordingly, the GM lymphoid restriction criterion is more pronounced in

Irg1-deficient LKs, demonstrating their diminished ability to commit to the MKE fate.

In addition, recent reports indicate that infections trigger emergency granulopoiesis, which
differs in transcription from steady-state granulopoiesis (216). This leads to rapid proliferation
of myeloid progenitor cells and de novo granulocyte formation (217). Furthermore, elevated
levels of IL-1 in the BM after infection direct HSCs to myeloid differentiation via the NF-kB
signaling pathway and accelerate maturation into myeloid cells. While beneficial during acute
inflammation, chronic IL-1 exposure impairs the ability of HSCs to differentiate into lymphoid
and erythroid lineages and decreases the capacity for self-renewal, which is reversible upon
IL-1 withdrawal (218).

The protein C receptor (PROCR /CD201) is a cell surface marker that helps to distinguish
HSCs with different cell fate. CD201- cells show a tendency towards myeloid differentiation,

especially during emergency granulopoiesis, when HSCs generally favor myeloid over
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lymphoid production. In response to infection, CD201* and CD201~ HSCs turn on different
receptors and signaling pathways and use different isoforms of the transcription factor CCAAT
Enhancer Binding Protein Beta (C/EBPf), which regulates their lineage-specific differentiation
(219). Our data is consistent with these findings and show that upregulation of IL-1( in cKit*
cells from Irg1”- BM contributes to HSC differentiation and increased GMP subpopulation. This
leads to increased numbers of myeloid lineage cells in peripheral tissues such as the lung and
heart. In addition, CD201 is significantly downregulated in /rg7" compared to WT LKs,
suggesting that the absence of the IRG1/Itaconate axis shifts HSCs from a lymphoid to a

myeloid population, leading to increased myeloid cell production.

5.6. IRG1/ltaconate axis deficiency leads to mobilization of HSCs through

dysregulation of purine metabolism and activation of the NLRP3 inflammasome.

Activation of purinergic signaling in HSCs plays a crucial role in their mobilization from the BM
into peripheral blood and tissues. Elevated extracellular ATP levels serve as a key trigger for
this process by activating the NLRP3 inflammasome, leading to HSC mobilization (220). Sterile
inflammation, which occurs without microbial infection and is triggered by endogenous signals
such as extracellular nucleotides and ROS, contributes to HSC mobilization (221). In the BM
microenvironment, the release of extracellular ATP and ROS acts as DAMPs that activate
purinergic signaling and trigger sterile inflammation. ROS is released by granulocytes and
monocytes residing in the BM, which further amplifies inflammatory signaling and promotes
HSC egress (222, 223). Extracellular ATP triggers purinergic signaling by binding to P2 family
receptors on HSCs, including P2X ion channel receptors such as P2RX7 (224). Activation of
P2RX7 leads to downstream events that promote the assembly and activation of the NLRP3
inflammasome (225). The inflammasome triggers the cleavage of pro-caspase-1 into active
caspase-1, which processes the proinflammatory cytokines IL-1B8 and IL-18 (226). These
cytokines interfere with the interactions between HSCs and their niches in the BM, specifically
affecting the SDF-1-CXCR4 and very late activation antigen-4 (VLA-4) and vascular cell
adhesion molecule (VCAM-1) axes, which are important for HSC retention, leading to the
release of HSCs into the circulation (227). In this context, my thesis data show that in IRG1-
deficient HSCs there is a significant alteration in purine metabolism, as evidenced by increased
production of nucleoside triphosphates such as ATP, GTP and UTP. Transcriptome profiling
of HSC subpopulations confirmed significant upregulation of enzymes involved in the purine
metabolic pathway, including xanthine dehydrogenase (XDH) and purine nucleoside
phosphorylase 2 (PNP2). This upregulation at the transcriptomic level may represent a cellular
mechanism to maintain nucleotide homeostasis through feedback control in purine

metabolism.
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Furthermore, the increased levels of macrophages and DCs observed in the heart and lung
tissues of Irg7”- mice suggest that deficiency in the IRG1/Itaconate axis affects the
differentiation and homing patterns of HSCs. This is consistent with the concept that mobilized
HSCs can migrate to extramedullary tissues where they proliferate and differentiate into cells
of the myeloid lineage, thus contribute to local immune surveillance and innate immune

responses (228).

Given the role of itaconate as an anti-inflammatory metabolite that can inhibit ROS production
and NLRP3 inflammasome activation, it should be investigated whether the use of exogenous
itaconate could inhibit the phenotypes of HSC mobilization associated with IRG1 deficiency.
The interplay between purinergic signaling, NLRP3 inflammasome activation, ROS production
and the complement system underscores a complex network that regulates HSC mobilization.
Conversely, inhibition of CD73, an ectonucleotidase that degrades extracellular ATP to
adenosine, enhances HSC mobilization by preventing adenosine-mediated negative feedback
(226). Interfering with these pathways may provide novel strategies to control HSC
mobilization, which would have significant clinical implications for hematopoietic

transplantation and the treatment of hematological diseases.

Previous reports have shown that in PH, hypoxia-induced vascular remodeling is accompanied
by the mobilization of BM-derived cKit* progenitor cells. The migration of these BM-derived
cKit* cells into the peripheral circulation contributes to an environment in the pulmonary artery
vessel wall that facilitates adhesion of circulating cells and promotes vascular remodeling
(229). In vivo studies have shown that administration of AMD3100 (a CXCR4 antagonist) and
CCX771 (a CXCR7 antagonist) to mice exposed to chronic hypoxia prevented vascular
remodeling, RV hypertrophy, and ultimately the development of PH by inhibiting the
accumulation of perivascular LKS progenitor cells (230). Interestingly, sildenafil, a
phosphodiesterase-5 (PDE-5) inhibitor used therapeutically in PH, has been shown to improve
the PH phenotype in vivo by inhibiting the recruitment of BM-derived cKit* cells and CD68*
macrophages together with CXCR4* cells into the lung tissue (231). Similar to these
observations, our data suggest that modulation of the IRG1/Itaconate axis may have a
protective role against vascular remodeling and PH progression by preventing the egress of
BM-derived progenitor cells, ultimately reducing their contribution to pathological vascular
remodeling in PH. Exogenous itaconate could potentially reduce extracellular ATP levels and
subsequent inflammasome activation as well as modulate ROS production. This therapeutic
approach requires further investigation to evaluate its efficacy in modulating HSC trafficking

and attenuating inflammatory responses in PH and hematopoietic disorders.

In summary, our results highlight the critical role of elevated extracellular ATP levels in the

activation of purinergic signaling pathways and the NLRP3 inflammasome in HSCs, particularly
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when the IRG1/Itaconate axis is defective. Understanding this mechanism provides valuable
insights into the regulation of HSC trafficking and suggests potential therapeutic interventions

targeting metabolic and signaling pathways to modulate immune responses in PH and
hematopoietic disorders.
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6. Outlook

Since Irg1/ltaconate-deficient mice spontaneously develop RV and LV hypertrophy, the
following experiments may provide further insight into clinical, mechanistic and therapeutic

constellations.

Clinical studies: Screening HF patients for IRG1-associated SNPs or mutations could provide
valuable clinical insights. Similar clinical investigations could be extended to PH patients,
especially those with pulmonary arterial hypertension (PAH, group 1) and left heart-associated
PH (group 2), as in vivo studies have clearly demonstrated the critical role of the Irg1/itaconate

axis in both the development and progression of PH.

IRG1 regulation or Itaconate levels might be impaired in PH or HF patients. Therefore,
measurement of IRG1 expression and itaconate levels or its biological derivatives in blood
cells or plasma samples from patients would help to elucidate potential clinical correlations
between IRG1/ltaconate levels and cardiopulmonary pathology. In addition, lung, heart and
ideally BM samples from cardiopulmonary patients would be invaluable for exploring any

clinical correlations between IRG1 expression or itaconate levels and disease severity.

Given the hematopoietic abnormalities observed in Irg7-deficient mice that contribute to
cardiac dysfunction and PH, investigating IRG1 expression or Itaconate production in patients
with CHIP-associated HF or PH may provide further insight into the contribution of

hematopoietic abnormalities to cardiopulmonary disease.

Therefore, | believe that investigating the presence of IRG7 SNPs or mutations and measuring
itaconate levels in patients with CVD and individuals with hematopoietic disorders could help

identify new genetic susceptibilities.

Mechanistic studies: CITE-seq (Cellular Indexing of Transcriptomes and Epitopes by
Sequencing) is a valuable approach to complement single-cell RNA sequencing (scRNA-seq)
for the investigation of HSC lineage decisions and the identification of precise HSC subtypes
and states. Application of CITE-seq specifically to Irg7-deficient HSCs would provide more
detailed insights into the altered lineage dynamics and functional states caused by Irg1
deficiency. By combining transcriptome and epitope profiling of individual cells, CITE-seq can
improve the depth and precision of our understanding of lineage bias and functional states.
This technology is particularly useful for distinguishing between lymphoid and myeloid HSCs

and provides insights into clonal diversity.

Further investigation of the proposed mechanism in Irg1-deficient HSCs should include
measurement of extracellular ATP levels in the BM niche of /rg7” mice. In addition, evaluation

of the population of cKIT* cells in the peripheral blood, lung and heart of Irg7”- mice could help
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validate our proposed mechanism involving increased cell egress and organ crosstalk

mediated by the IRG1/ltaconate axis.

In vitro and in vivo studies should also investigate whether exogenous itaconate administration
can attenuate HSC mobilization phenotypes by restoring the IRG1/Itaconate axis. In addition,
investigation of post-translational modifications of JMJD3 and the rate-limiting enzymes of
purine metabolism (PNP2, NME1 and IMDPH) could provide deeper insights into the

regulatory mechanisms.

Therapeutic approaches: To obtain a longitudinal assessment of PH and cardiac remodeling,
a longer follow-up of Irg7” mice and Irg1”- BM recipients exposed to hypoxia could provide a
more comprehensive insight into the progression of pulmonary vascular remodeling and
cardiac hypertrophy. This would also help to determine whether interventions with itaconate or

its derivatives could prevent disease progression.

To further explore the role of JMJD3-mediated epigenetic modifications, studies using specific
JMJD3 inhibitors could investigate whether pharmacologic modulation of JMJD3 is able to
reverse or attenuate the inflammatory phenotype and cardiac hypertrophy in Irg1-deficient
mice. This approach could help validate JMJD3 as a potential target for therapeutic

intervention.

Elucidating how IRG1 deficiency contributes to pulmonary vascular remodeling, fibrosis and
immunomodulation could pave the way for targeted therapies. Modulation of this signaling
pathway could lead to effective treatments for PH and other debilitating pulmonary diseases

and underscore the therapeutic potential of targeting the IRG1/Itaconate axis.

Taken together, these prospects will broaden the understanding of how metabolic mediators
such as itaconate affect inter-organ communication at the cellular and molecular level and offer

promising avenues for therapeutic exploration.
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7. Summary

The results of this work present the IRG1/Itaconate axis as a key mediator of inter-organ
communication, particularly between BM, heart, and lung. We investigated the effects of
IRG1/ltaconate deficiency on the cardiopulmonary phenotype through BM dynamics and
showed that the absence of IRG1 has profound effects on multiple organ systems, primarily
through immune and metabolic dysfunction in HSCs, subsequently altering their differentiation
and fate within the BM.

Our results showed that IRG1 deficiency leads to significant RV and LV hypertrophy and
dilatation, accompanied by increased collagen deposition leading to cardiac dysfunction.
These changes were associated with increased macrophage and DC composition.
Transcriptome profiling of the Irg7” heart revealed dysregulated inflammatory pathways,
particularly TNF-a signaling via NF-kB, hypoxia-associated pathways, and upregulation of
Edn3. Furthermore, the histone demethylase Jmjd3 was upregulated in the hearts of Irg1-
deficient mice, which was accompanied by a corresponding reduction in H3K27me3 levels.
This suggests an epigenetic mechanism that exacerbates inflammation and promotes cardiac
hypertrophy in the absence of IRG1. Overall, our data suggests that IRG1/Itaconate affects
not only immune and metabolic pathways, but also epigenetic regulation that promotes

inflammation.

In Irg1-deficient mice, we observed a predisposition to pulmonary vascular remodeling and
increased susceptibility to hypoxia-induced PH, suggesting that IRG1 deficiency impairs both
basic pulmonary homeostasis and exacerbates disease under external stress. This pathology
is associated with abnormal immune cell dynamics and an increased inflammatory milieu in
the lung driven by an increased myeloid cell population. These findings are consistent with our
observations in group 1 PH patients, who had a similarly increased myeloid cell population

compared to non-PH controls.

To better understand the role of BM cells in the cardiac phenotype of Irg7”-mice, we performed
adoptive transfer experiments. Transfer of BM cells from Irg7”- mice into WT recipients
replicated the hypertrophic cardiac phenotype, suggesting that BM-derived cells are central

mediators of this pathological crosstalk.

IRG1/ltaconate-deficient proinflammatory BMDMs or PBMC-derived macrophages were
shown to induce tissue remodeling in cardiac cells through paracrine signaling. This process
upregulated markers of HF (Mhc7:Mhc6 and Nppb) in nCM and pro-fibrotic markers (Postn,
Actc1 and Col1a2) in CF. These findings emphasize the key role of macrophages in the
development of cardiac pathology associated with IRG1 deficiency, contributing to

inflammation, hypertrophy and fibrosis.
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Our study also investigated the effects of the IRG1/Itaconate axis on HSC differentiation and
revealed significant perturbations characterized by a biased differentiation towards myeloid
progenitors at the expense of lymphoid progenitors in /rg7”’- mice. Impaired purine metabolism
in Irg1-deficient HSCs led to increased ATP levels, which activated the NLRP3 inflammasome
and triggered an inflammatory cascade that promoted mobilization of HSCs and infiltration of
immune cells into peripheral organs, particularly the heart and lungs. The combined effect of
impaired HSC differentiation enhanced purinergic signaling and inflammasome activation links

BM dysfunction to cardiopulmonary pathology.

In summary, our work reveals a paradigm in which the IRG1/ltaconate axis acts as a central
regulator of immune-metabolic balance and controls inter-organ communication between the
BM, lung and heart. The ability of this axis to modulate HSC differentiation, immune cell
mobilization and inflammation underscores its essential role in maintaining systemic
homeostasis. These findings suggest that therapeutically targeting the IRG1/ltaconate axis
may be an effective strategy for the treatment of cardiopulmonary diseases caused by
dysregulated immune responses and chronic inflammation. In addition, itaconate is a

promising metabolite that can regulate the normal fate and propagation of HSCs.
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8. Zusammenfassung

Die vorliegende Arbeit zeigt, dass die IRG1/ltaconate-Achse eine zentrale Rolle bei der
Interorgankommunikation einnimmt, insbesondere zwischen Knochenmark, Herz und Lunge.
Es konnte ein Zusammenhang zwischen einem Mangel an IRG1 und den daraus
resultierenden Auswirkungen auf den kardiopulmonaren Phanotyp aufgezeigt werden. Die
Auswirkungen von IRG1/ltaconat-Mangel auf den kardiopulmonaren Phanotyp Uber die
Dynamik des Knochenmarks wurde untersucht und es konnte gezeigt werden, dass ein
Mangel an IRG1 tiefgreifende Auswirkungen auf mehrere Organsysteme hat. Dies ist primar
auf immunologische und metabolische Dysfunktionen in HSCs zuruckzufuhren, die ihrerseits
eine Veranderung ihrer Differenzierung und Determination innerhalb des Knochenmarks zur

Folge hat.

Die Ergebnisse legen nahe, dass ein IRG1-Mangel zu einer signifikanten RV- und LV-
Hypertrophie und —dilatation fihrt, begleitet von einer verstarkten Kollagenablagerung, die
wiederum in einer kardialen Dysfunktion resultiert. Diese Veranderungen wurden von einem
Makrophagenanstieg sowie DC Komposition begleitet. Transkriptom-Profiling von /Irg1”
Herzen zeigte dysregulierte Entziindungswege, darunter der Signaltransduktion von TNF-a
uber NF-kB, hypoxieassoziierte Signalwege sowie eine Hochregulierung von Edn3. Zudem
konnte eine Hochregulierung der Histon-Demethylase Jmjd3 in den Herzen von Irg1-
defizitaren Mausen beobachtet werden, welche mit einer entsprechenden Verringerung von
H3K27me3 einherging. Dies lasst auf einen epigenetischen Mechanismus schliel3en, durch
den in Abwesenheit von IRG1 die Entziindung verschlimmert und die kardiale Hypertrophie
geférdert wird. Insgesamt weisen die Daten daraufhin, dass IRG1/Taconat nicht nur Immun-
und Stoffwechselwege, sondern auch entzindungsfordernde  epigenetische

Regulationsmechanismen beeinflusst.

Bei Irg1-defizitaren Mausen konnte eine Pradisposition zu pulmonalem vaskularen
Remodeling und eine erhdhte Anfalligkeit zu hypoxieinduzierter PH festgestellt werden, was
darauf hindeutet, dass ein IRG1-Mangel sowohl die grundlegende pulmonale Homdostase
beeintrachtigt als auch die Krankheit unter externem Stress verschlimmert. Dieser Zustand
geht mit einer abnormalen Immunzelldynamik und einem erhéhten Entzindungsmilieu in der
Lunge einher, das durch eine erhéhte myeloische Zellpopulation angetrieben wird. Diese
Ergebnisse stimmen mit den Beobachtungen bei PH-Patienten der Gruppe | tberein, welche

im Vergleich zu Patienten ohne PH eine &hnlich erhdhte Anzahl myeloischer Zellen aufwiesen.

Um die Rolle von Knochenmarkszellen des kardialen Phanotyps von Irg1’- Mausen zu
untersuchen, wurden adoptive Transfermethoden eingesetzt. Der Transfer von

Knochenmarkszellen aus Irg7”-Mausen in Wildtyp-Rezipienten fiihrte zu einer Replikation des
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hypertrophen kardialen Phanotyps. Dies lasst den Schluss zu, dass Knochenmarkszellen eine

zentrale Rolle als Mediatoren des pathologischen Cross-Talks einnehmen.

Es konnte nachgewiesen werden, dass IRG1/ltaconat-defizitare, proinflammatorische BMDMs
oder aus PBMC stammende Makrophagen durch parakrine Signallibertragungen einen
Gewebeumbau in Herzzellen induzieren. Der Prozess resultierte in einer Hochregulierung von
Markern fir Herzversagen (Mhc7:Mhc6 und Nppb) in nCM sowie pro-fibrotischen Markern
(Postn, Actc1 and Col1a2) in CF. Diese Ergebnisse unterstreichen die wichtige Rolle der
Makrophagen bei der Entwicklung der mit IGR1-Defizit assoziierten Herzpathologie, die zu

Entziindungen, Hypertrophie und Fibrose flhrt.

Die vorliegende Arbeit untersuchte zudem die Auswirkungen der IRG1/ltaconat-Achse auf die
HSC-Differenzierung. Dabei konnten signifikante Stérungen beobachtet werden, die durch
eine einseitige Differenzierung in Richtung myeloischer Vorlauferzellen in Irg7” Mausen
gekennzeichnet ist. Der beeintrachtige Purinstoffwechsel in Irg1-defizitaren HSCs fuhrte zu
erhdhten  ATP-Spiegeln, die das NLRP3-Inflammasom aktivierten und eine
Entziindungskaskade auslosten, die die Mobilisierung von HSCs und die Infiltration von
Immunzellen in periphere Organe, insbesondere Herz und Lunge, férderte. Die kombinierte
Wirkung von gestdrter HSC-Differenzierung, verstarkter puringergen Signalibetragung und
Inflammasom-Aktivierung verbindet die Knochenmarksdysfunktion mit kardiopulmunarer

Pathologie.

Zusammenfassend kann festgestellt werden, dass das hier gezeigte Paradigma die
IRG1/Itaconat-Achse als zentralen Regulator des immun-metabolischen Gleichgewichts
aufzeigt und die Interorgankommunikation zwischen Knochenmark, Lunge und Herz
kontrolliert. Die Fahigkeit dieser Achse, die HSC-Differenzierung, Immunzellmobilisierung
sowie Entzindungen zu modulieren, unterstreicht ihre wesentliche Rolle bei der
Aufrechterhaltung der systemischen Homdostase. Die vorliegenden Ergebnisse legen den
Schluss nahe, dass ein therapeutischer Eingriff in die IRG1/ltaconat-Achse eine
vielversprechende Strategie zur Behandlung von Herz-Lungen-Erkrankungen, die durch
dysregulierte Immunreaktionen und chronische Entzindungen verursacht werden, darstellen
kénnte. Dariber hinaus weist sich Itaconat als vielversprechender Metabolit zur Regulation

von Zelldetermination und Propagation von HSCs aus.
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