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Abstract  

Repair and regeneration are essential for maintaining tissue integrity and organ function 

throughout life. However, with age, these fundamental processes falter, leading to a 

breakdown in homeostasis and impaired tissue repair. Today, with an ever-increasing aging 

population, the need to understand the mechanisms driving age-associated disease 

susceptibility, chronic inflammation, and tissue fibrosis is a pressing public health challenge. 

Idiopathic pulmonary fibrosis (IPF) is a prototypic age-associated fibrotic disorder, 

characterized by progressive scarring of lung tissue, which ultimately results in respiratory 

failure. While epithelial senescence and fibroblast hyperactivation are prime drivers of IPF, 

fibrosis progression is fundamentally influenced by the crosstalk with the immune system. In 

the lungs, embryonically derived tissue-resident alveolar macrophages (TR-AMs) play a 

crucial role in maintaining lung integrity. However, a lifetime of environmental perturbations 

leads to the gradual remodeling of the lung macrophage compartment. Upon lung injury, TR-

AMs are depleted, leading to an influx of bone marrow-derived monocyte-derived alveolar 

macrophages (Mo-AMs). These Mo-AMs initially recruited in to regulate acute inflammation, 

when persistently activated, can perpetuate fibrosis through sustained inflammatory and 

profibrotic signaling. Although aging is recognized as a key driver of fibrosis, research has 

largely focused on effects of aging within the lung tissue. However, age-related changes 

simultaneously manifest in all cellular compartments – immune and non-immune. Aging is 

associated with chronic inflammation or ‘inflammaging’ and alterations at the hematopoietic 

stem cell level, leading to a myeloid-biased shift in hematopoiesis. Yet if and how 

hematopoietic aging influences the progression of lung fibrosis has remained largely 

unexplored. In our study, we aimed to determine whether an aged bone marrow and immune 

system influences fibrosis progression, independent of lung tissue age. Using heterochronic 

bone marrow transplant models, we found that an aged bone marrow autonomously 

exacerbated fibrosis, irrespective of the age of the lung tissue. This was associated with a 

heightened accumulation of inflammatory and profibrotic Mo-AMs. Once in the lungs, Mo-AMs 

from an aged bone marrow failed to transition into a tissue-resident homeostatic phenotype. 

Our findings indicate that cell-intrinsic aging increased Mo-AM numbers, while extrinsic lung 

immune signals shaped their phenotypic fate. Hematopoietic aging drove a pro-inflammatory 

milieu in the lungs post injury and limited the availability of a key anti-inflammatory cytokine, 

interleukin-10 (IL-10). Mechanistically, we found that regulatory T cells (Tregs), were a key 

source of IL-10 in the lung post injury, and the lack of Treg-derived IL-10 led to impaired Mo-

AM maturation and worsened fibrosis. Our results establish a critical link between 

hematopoietic aging and fibrosis progression and uncover a Treg-mediated repair pathway 

gone awry with age.  
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Zusammenfassung  
 

Reparatur und Regeneration sind für die Aufrechterhaltung der Unversehrtheit des Gewebes 

und der Organfunktionen unerlässlich. Mit zunehmendem Alter geraten diese grundlegenden 

Prozesse jedoch ins Stocken, was zu einem Zusammenbruch der Homöostase und einer 

Beeinträchtigung der Gewebereparatur führt. Angesichts einer immer älter werdenden 

Bevölkerung ist das Verständnis der Mechanismen, die der altersbedingten 

Krankheitsanfälligkeit, chronischen Entzündungen und Gewebefibrose zugrunde liegen, eine 

dringende Herausforderung für die öffentliche Gesundheit. Die idiopathische Lungenfibrose 

(IPF) ist ein prototypisches Beispiel für eine altersassoziierte fibrotische Erkrankung, die durch 

eine fortschreitende Vernarbung des Lungengewebes gekennzeichnet ist und schließlich zu 

Lungenversagen führt. Während mehrere Faktoren zur Pathogenese der IPF beitragen, 

darunter die epitheliale Seneszenz und die Hyperaktivierung von Fibroblasten, hat die Rolle 

des Immunsystems bei der Fibroseprogression zunehmend an Aufmerksamkeit gewonnen. 

In der Lunge spielen embryonal entstandene, gewebeeigene Alveolarmakrophagen (AMs) 

eine entscheidende Rolle bei der Aufrechterhaltung der Lungenintegrität. Allerdings führen 

lebenslange Umweltbelastungen zu einem allmählichen Umbau des 

Makrophagenkompartiments der Lunge. Nach einer Lungenverletzung werden die TR-AMs 

dezimiert, was zu einem Zustrom von aus dem Knochenmark stammenden Monozyten-

Makrophagen (Mo-AMs) führt. Diese Mo-AMs werden zunächst rekrutiert, um akute 

Entzündungen zu regulieren, können aber bei anhaltender Aktivierung die Fibrose durch 

anhaltende entzündliche und profibrotische Signalübertragung aufrechterhalten. Der 

rechtzeitige Übergang von Mo-AMs in einen homöostatischen, gewebsresidenten Phänotyp 

ist daher vermutlich ein entscheidender Faktor für die Heilung von Verletzungen oder das 

Fortschreiten von dysregulierter Reparatur und Fibrose. Die Alterung des Lungengewebes 

wird seit langem als Hauptursache für die Fibrose angesehen, wobei man sich auf die 

epitheliale Dysfunktion und die Fibroblastenaktivierung konzentriert. Altersbedingte 

Veränderungen treten jedoch gleichzeitig in allen Gewebekompartimenten - immun und nicht-

immun - auf. Die Alterung geht mit einem Zustand chronischer, geringgradiger Entzündungen 

(„inflammaging“) und Veränderungen auf der Ebene der hämatopoetischen Stammzellen im 

Knochenmark einher, was zu einer myeloiden Verschiebung der Hämatopoese führt. Ob und 

wie die hämatopoetische Alterung das Fortschreiten der Lungenfibrose in anderen entfernten 

Organen wie der Lunge beeinflusst, ist jedoch noch weitgehend unerforscht.  

In unserer Studie wollten wir herausfinden, ob ein gealtertes Knochenmark und Immunsystem 

unabhängig vom Alter des Lungengewebes direkt zur Fibroseprogression beiträgt. Anhand 

von heterochronen Knochenmarktransplantationsmodellen fanden wir heraus, dass ein 

gealtertes Knochenmark unabhängig vom Alter des Lungengewebes eine verstärkte Fibrose 



 ix 

auslöst. Dies ging mit einer verstärkten Anhäufung von entzündlichen und profibrotischen Mo-

AMs einher. Einmal in der Lunge angekommen, gelang es den Mo-AMs aus gealtertem 

Knochenmark nicht, in einen gewebsresidenten homöostatischen Phänotyp überzugehen. 

Unsere Ergebnisse deuten darauf hin, dass die zelleigene Alterung und das Alter des 

Knochenmarks die Anzahl der Mo-AMs erhöht, während extrinsische Signale des 

Lungenimmunsystems ihr phänotypisches Schicksal bestimmen. Die hämatopoetische 

Alterung führte zu einem pro-inflammatorischen Milieu in der Lunge nach der Verletzung und 

schränkte die Verfügbarkeit eines wichtigen entzündungshemmenden Zytokins, IL-10, ein. 

Wir fanden heraus, dass regulatorische T-Zellen (Tregs) eine wichtige Quelle für IL-10 in der 

Lunge nach der Verletzung sind, und dass der Mangel an IL-10 aus Tregs zu einer gestörten 

Mo-AM-Reifung und einer Verschlechterung der Fibrose führt. Unsere Ergebnisse stellen eine 

kritische Verbindung zwischen hämatopoetischer Alterung und Fibroseprogression her und 

decken einen Treg-vermittelten Reparaturweg auf, der im Alter aus dem Ruder läuft.  
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Chapter 1  

Introduction  
 

The following introduction aims to provide a detailed overview of the key concepts that will 

set the scene for the study ‘An aging bone marrow exacerbates lung fibrosis by fueling 

profibrotic macrophage persistence’ presented in the second section, Results.  

The introduction is divided into three sections: 

1. Mechanisms of tissue repair and fibrosis 

2. Lung macrophages through life: Fate, function and fibrosis 

3. Mechanisms of aging  
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1.1 Mechanisms of tissue repair and fibrosis 
 

1.1.1 What happens upon tissue injury? 

When tissues are injured due to infection, toxic exposure, or mechanical damage, the body 

initiates a highly orchestrated wound healing process, in four phases (Thesis Figure 1) – 

hemostasis, inflammation, proliferation and remodeling to facilitate repair (Boothby et al, 2020; 

Wilkinson & Hardman, 2020). Upon acute injury, hemostasis occurs as blood vessels 

constrict and platelets aggregate at the site of injury, forming a clot to prevent further blood 

loss (Velnar et al, 2009). This clot not only stops bleeding but also provides a temporary matrix 

(Zaidi & Green, 2019), releasing growth factors that stimulate the healing process. At the same 

time, platelets secrete signals that increase blood vessel permeability, allowing immune cells 

to access the wound site (Chambers, 2003; Wynn, 2008). Damage to epithelial and endothelial 

cells or the initial recognition of an infectious pathogen by tissue resident macrophages or 

mast cells triggers the release of inflammatory mediators such as cytokines, chemokines and 

vasoactive amines, that causes the inflammatory phase to ensue, activating an anti-

fibrinolytic coagulation cascade (Chambers, 2003). This leads to the formation of a provisional 

extracellular matrix (ECM), which exposes platelets to its components, promoting their 

aggregation and reinforcing the blood clot. As the clot solidifies, myofibroblasts, along with 

epithelial and endothelial cells, produce matrix metalloproteinases (MMPs), enzymes that 

degrade the basement membrane (McKeown et al, 2009). This degradation along with the 

release of inflammatory mediators allows immune cells, which are not normally present in the 

extravascular tissue, such as neutrophils and monocytes to infiltrate into the site of injury 

(Wynn, 2008). In parallel, the damage also initiates the release of damage-associated 

molecular patterns (DAMPs) and pathogen-associated molecular patterns (PAMPs) from 

dying cells and pathogens, which are recognized by the immune system (Zhang et al, 2010) . 

These molecular signals trigger a complex inflammatory response that recruits a variety of 

hematopoietic and non-hematopoietic cells, including monocytes, macrophages, neutrophils, 

natural killer cells, fibroblasts, epithelial cells, and stem cells, to the wound (Vestweber, 2015). 

Neutrophils and macrophages are particularly crucial, as they help clear debris, dead cells, 

and pathogens (Brinkmann et al, 2004; Kolaczkowska & Kubes, 2013). Macrophages play a 

dual role, transitioning from a pro-inflammatory to an anti-inflammatory or pro-resolution 

phenotype, which facilitates the resolution of inflammation and promotes tissue repair (Wynn 

& Vannella, 2016). Cytokines and chemokines released by these immune cells amplify the 

inflammatory response, and subsequently activate the adaptive immune system to the injury 

site, further attracting additional immune cells and enhancing the overall healing process 

(Keyes et al, 2016; Nosbaum et al, 2016) . As the tissue begins to heal, a proliferation phase 
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follows initiating the formation of new tissue (Wilkinson & Hardman, 2020). Fibroblasts 

proliferate and produce ECM components, including collagen, to provide structural support for 

the wound and essentially ‘plug the wound’. Simultaneously, growth factors such as vascular 

endothelial growth factor (VEGF) promote angiogenesis, ensuring an adequate blood supply 

to the healing tissue. Epithelial and endothelial cells migrate over the wound site, restoring the 

damaged tissue. Activated fibroblasts transition into myofibroblasts, which play a crucial role 

in wound contraction by pulling the edges of the wound closer together. The final stage of 

healing, known as the remodeling phase, involves the maturation and reorganization of the 

ECM. Collagen fibers are realigned, and the ECM is strengthened, improving the tensile 

strength of the healed tissue. This phase can extend over weeks or even years, depending on 

the severity of the injury and the individual's overall health. As the tissue structure stabilizes 

and returns to its normal state, the wound healing process is completed, resulting in restored 

function and integrity of the tissue. 

 

Thesis Figure 1: Phases of wound healing 

Upon acute injury, wound healing is initiated in four general phases across tissues (skin injury 

depicted here) – hemostasis, inflammatory, proliferative and remodeling - Illustration from (Boothby et 

al., 2020)  
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1.1.3 Fibroblasts: central drivers of fibrosis 

Fibroblasts are mesenchymal cells found in connective tissues throughout the body where 

they maintain the structural integrity of tissues by producing and remodeling the extracellular 

matrix  (Plikus et al, 2021).They are widespread and reside in both dense connective tissues, 

such as tendons and ligaments, and loose connective tissues, such as the dermis, organ 

capsules, and beneath epithelial linings (Movat & Fernando, 1962). Their primary function is 

the production of ECM components, including collagen, glycoproteins, and proteoglycans, 

which provide structural support and mediate cell signaling in the tissue (Cialdai et al, 2022; 

Lendahl et al, 2022). They are also involved in paracrine signaling, providing cues for the 

differentiation of neighboring cells during organ development and repair. In wound healing, 

fibroblasts are indispensable during all three phases of the process: inflammation, 

proliferation, and remodeling (Knoedler et al, 2023). During the inflammatory phase, 

fibroblasts are activated by cytokines such as tumor-necrosis factor (TNF)-α, IL-1, and IL-6, 

which are released by platelets and immune cells (Correa-Gallegos et al, 2021). They secrete 

chemokines like C-C motif chemokine ligand 2 (CCL2) and C-X-C motif chemokine ligand 1 

(CXCL1) to recruit additional immune cells to the injury site and produce matrix 

metalloproteinases to remodel the wound stroma, facilitating cell migration. In the proliferative 

phase, fibroblasts migrate into the fibrin clot and produce ECM proteins such as fibronectin, 

hyaluronic acid, and collagen. They also release pro-angiogenic factors like VEGF and FGF 

to support new blood vessel formation (Thulabandu et al, 2018). Stimulated by growth factors 

such as transforming growth factor- β (TGF-β), fibroblasts differentiate into myofibroblasts 

which are essential for wound closure. In the remodeling phase, myofibroblasts regulate ECM 

turnover, replacing type III collagen with type I collagen to restore tensile strength and contract 

the wound, a process mediated by α-smooth muscle actin (α-SMA) (Desmoulière et al, 2005). 

In pathological conditions like fibrosis, fibroblasts and myofibroblasts play a central role as 

they secrete excessive ECM components, leading to abnormal tissue remodeling, scar 

formation and loss of tissue function in many organs such as the lung, liver, kidney, and heart 

(Lendahl et al., 2022). Fibroblasts respond to tissue injury by differentiating into 

myofibroblasts, which propogate and persist in the fibrotic microenvironment. They also 

become resistant to apoptosis, resulting in sustained ECM production. Fibroblast activation 

can be driven by immune cells, epithelial-mesenchymal transition (EMT), or endothelial-

mesenchymal transition (EndMT), further amplifying their fibrogenic activity (Zeisberg et al, 

2007). In lung fibrosis, mesenchymal progenitor cells differentiate into various fibroblast 

subtypes, including myofibroblasts and matrix fibroblasts, contributing to the fibrotic ECM (Xie 

et al, 2018). In liver fibrosis, hepatic stellate cells  act as the primary fibroblast-like cells, and 
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are activated by inflammatory signals from apoptotic hepatocytes and macrophages, leading 

to ECM accumulation and structural remodeling (Seki & Schwabe, 2015). Single-cell 

transcriptomics have revealed the heterogeneity of fibroblasts and their dynamic differentiation 

into myofibroblasts in different fibrotic contexts (Lendahl et al., 2022) . Controlling the growth 

and activation of myofibroblasts has been a major challenge in fibrosis treatment. While 

fibroblasts are critical for normal wound healing, their dysregulated activation and resistance 

to programmed cell death underpin the pathogenesis of fibrosis (Kato et al, 2020). Fibroblasts 

are therefore a central target for therapeutic interventions to mitigate fibrosis, control  ECM 

production and promote appropriate tissue repair (Zhao et al, 2022). 

1.1.4 Immune dysregulation during fibrosis 

Acute and persistent inflammation are central drivers of fibrosis, with severe injury triggering 

epithelial cell apoptosis in the lungs or hepatocyte necrosis in the liver, that initiate an 

inflammatory response which activates the deposition of ECM to seal the wound and restore 

tissue architecture (Chen & Stubbe, 2005; Fujii et al, 2010). Low level, chronic inflammation 

induces a continuous state of inflammation the drives repeated loops of the wound healing 

response, that often culminates in fibrosis. While removing the inflammatory trigger in these 

instances can halt the progression of tissue remodeling and fibrosis, in many cases of fibrosis, 

the exact cause of tissue damage is not clear or cannot be removed easily (Wynn & 

Ramalingam, 2012). This has led researchers to explore how immune system pathways might 

be targeted to help slow down or prevent fibrosis. Both the innate and adaptive immune 

systems are now recognized as critical components of the fibrotic pathway, making them 

attractive therapeutic targets (Wynn & Ramalingam, 2012). The initial nature of the injury often 

shapes the ensuing inflammatory response. Infection and injury caused by external stimuli 

such as pathogen-associated molecular patterns (PAMPs), activate pattern-recognition 

receptors (PRRs) on innate immune cells to initiate an inflammatory response (Li & Wu, 2021). 

Numerous cytokines (described below) contribute to the processes of wound healing and 

fibrosis, with specific gene groups being activated in different conditions (Henderson et al., 

2020).  

1.1.5 Innate immunity in fibrosis 

It is dysregulation of innate immune (that initiate wound healing) processes that often triggers 

the onset of fibrosis. The coagulation cascade that initiates tissue repair after injury itself can 

act as an initial trigger for fibrosis. When platelets are activated, they also produce growth 

factors that stimulate ECM production by fibroblasts and prolonged coagulation can lead to 

fibrosis. Patients with IPF show increased levels of X-box-binding protein-1, a factor that 
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promotes platelet differentiation, in the lung tissue, epithelial cells and lavage fluid as 

compared to healthy individuals (Korfei et al, 2008) .Thrombin – a key enzyme that converts 

fibrinogen to fibrin is also detected in the lungs and alveolar spaces, indicating an 

overactivation of the coagulation pathway in IPF. Thrombin further stimulates fibroblasts to 

proliferate and induces their activation into myofibroblasts (Hernández-Rodríguez et al, 1995). 

Additionally, injured alveolar pneumocytes in the airway epithelium can trigger an anti-

fibrinolytic response (Kuwano et al, 1999), leading to fluid accumulation between tissues 

(interstitial edema), acute inflammation, and detachment of the epithelium from the basement 

membrane (Wilson & Wynn, 2009). Chemokines released by platelets or damaged cells, 

mechanical stress or increased reactive oxygen species (ROS) and nitric oxide (NO) 

production leads to the recruitment of infiltrating innate immune cells, including neutrophils 

and monocytes which can also differentiate into macrophages that then clear debris and 

remove pathogens (Wick et al, 2010). However, if these inflammatory cells remain for too long 

and are not cleared once they resolve the acute threat, they can build up in the tissue, leading 

to exacerbated tissue damage, scarring and fibrosis. Early removal of macrophages has been 

shown to mitigate liver fibrosis in mice (Duffield et al, 2005). Similarly, neutrophils can have an 

adverse impact in lung fibrosis as seen in bleomycin and hypersensitivity pneumonitis mouse 

models, while in the liver, dendritic cells can activate hepatic stellate cells, promoting fibrosis 

(Connolly et al, 2009; Pardo et al, 2000). The NLRP3 inflammasome which is activated by 

damage signals, regulates macrophage-mediated ECM turnover and the release of 

inflammatory cytokines (Martinon et al, 2009). Pattern recognition receptors (PRRs), such as 

Toll-like receptors (TLRs) and NOD-like receptors (NLRs) also play dual roles in lung fibrosis. 

While recognition of PAMPs and DAMPs trigger inflammation and pro-inflammatory cytokine 

production, ECM components such as fibronectin can also bind to TLRs, such as TLR4 and 

propel the inflammatory response further (Kelsh et al, 2014). Other myeloid cells such as mast 

cells, eosinophils and basophils also contribute to fibrosis. Mast cells have been shown to 

drive fibrosis during systemic sclerosis, kidney fibrosis and cardiac fibrosis by further recruiting 

inflammatory cells and producing pro-fibrotic factors (Levick et al, 2009). Eosinophils can 

produce pro-fibrotic mediators such as TGF-Β and IL-13, with eosinophilia also being a 

biomarker for progressive pulmonary fibrosis (Humbles et al, 2004; Minshall et al, 1997). 

Similarly, while the exact role of basophils in fibrosis is yet unknown, an increase in basophils 

has been found in patients with interstitial lung diseases.  

1.1.6 Monocytes and macrophages in tissue injury, repair and fibrosis 

First identified by Elie Metchnikoff and aptly named ‘big eaters’ (Macrophage – Greek), 

macrophages are perhaps the most prominent cell type of the innate immune system. As 

research over time has shown, they wear many functional hats, the most primary being their 
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ability to phagocytose and clear cellular debris, damaged cells, and harmful pathogens. During 

an inflammatory response they often act as first responders and produce cytokines and 

chemokines, which then activates and recruits other immune cells (Varol et al, 2015). Tissue-

resident macrophages are located in almost all tissues where maintain tissue homeostasis, 

often having distinct roles in different tissues (Ginhoux & Guilliams, 2016). In this section, a 

general overview of the role of macrophages in tissue injury and fibrosis is outlined. The 

development and functions of tissue-resident macrophages and recruited monocytes and 

macrophages in the context of the lung will be further explored in section 1.2.  

Monocytes and macrophages are key orchestrators of the wound healing process– playing 

distinct roles in regulating both the initiation and resolution of repair post injury and govern if 

appropriate resolution ensues or advances into pathological fibrosis (Murray & Wynn, 2011; 

Wynn & Vannella, 2016). Monocytes and macrophages exhibit remarkable plasticity, adopting 

different functional phenotypes – pro-inflammatory, anti-inflammatory, pro-repair and pro-

fibrotic that depend on cues they receive from the environment and their surrounding niche – 

Thesis Figure 3 (Wynn & Vannella, 2016).  

 

Thesis Figure 3: The many facets of macrophages  
At every stage of the tissue repair process, macrophages adopt distinct phenotypes and play specific 
roles – inflammatory, reparative, anti-inflammatory and profibrotic. Illustration from (Wynn & Vannella, 
2016) 
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Macrophages – critical orchestrators in tissue repair 

The role of macrophages in wound healing was initially attributed to their function as scavenger 

cells – responsible for clearing cellular debris and apoptotic cells and phagocytosing 

pathogens after tissue injury (Peiser et al, 2002). Following injury, tissue-resident 

macrophages secrete chemokines, matrix metalloproteases and inflammatory cytokines that 

initiate the inflammatory response. Upon severe tissue damage, inflammatory monocytes 

(Ly6C+) are recruited from the periphery, predominantly via their expression of C-C motif 

chemokine receptor 2 (CCR2) (in response to the chemokine CCL2) from the bone-marrow 

and differentiate into macrophages in the tissue (Epelman et al, 2014; Lechner et al, 2017). At 

this stage, these macrophages are pro-inflammatory (traditionally referred to as classically 

activated) (Murray et al, 2014), a state often initiated by IFN-y or activation of Toll-like 

receptors. This then further activates nuclear factor kappa-light-chain-enhancer of activated B 

cells (NF-κB) and signal transducer and activator of transcription 1 (STAT1) signaling 

pathways, which induces their production of reactive oxygen and nitrogen species, and 

secretion of pro-inflammatory cytokines like TNF-α, IL-1, and IL-6. These macrophages further 

produce cytokines such as IL-12 and IL-23, which can activate the adaptive immune response 

and triggers the differentiation of T helper cell subsets. While the induction of these 

inflammatory factors and cell types enables efficient neutralization and clearance of the 

pathogen, it can also cause tissue damage and become pathogenic, therefore controlling the 

inflammatory response of macrophages is critical to ensure wound healing and repair. While 

depleting monocytes and macrophages during the early inflammatory stage often blunts the 

inflammatory response, this depletion has also been shown to lead to inefficient wound healing 

and repair. Their sustained activation or prolonged recruitment can exacerbate damage and 

delay repair processes. (Duffield et al., 2005; Gibbons et al, 2011). When macrophages are 

exposed to epithelial derived alarmins or type 2 cytokines such as IL-4 and IL-13, they take 

on an ‘alternatively activated phenotype’ which can be associated with repair and a return to 

homeostasis or if pathological, exacerbation of allergies and fibrosis (Borthwick et al, 2016; 

Bosurgi et al, 2017).  

Macrophages also play a key role in regulating and suppressing the inflammatory response. 

These anti-inflammatory macrophages play a key role in immunoregulation, expressing 

proteins like arginase-1 (Arg1), Retnla, Pdl2, which help reduce the inflammatory response 

and restore homeostasis (Wynn & Vannella, 2016). Type-2 cytokines such as IL-4 and IL-13 

are key drivers of this regulatory macrophage phenotype along with binding of Fc gamma 

receptors, apoptotic cells and prostaglandins. Once the inflammatory phase is under control, 

macrophages differentiate into a wound healing reparative phenotype, producing growth 

factors to initiate repair and cell proliferation, including platelet-derived growth factor (PDGF), 
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TGF-β1, insulin-like growth factor 1 (IGF-1), and vascular endothelial growth factor α (VEGF-

α) (Wynn & Vannella, 2016). At this stage, macrophages can activate local and recruited 

fibroblasts, further promoting their differentiation into myofibroblasts, increasing collagen 

deposition and other ECM components to promote wound closure. Macrophages additionally 

regulate the proliferation of other parenchymal and stromal cells, and in the cases of severe 

injury, stimulate stem and progenitor cells to initiate tissue repair.  

Macrophage during fibrosis 

Macrophages are often always found near collagen-producing myofibroblasts in wounded 

tissue (Thesis Figure 4). These fibroblasts, as described above, produce chemokines and 

macrophage colony-stimulating factor (M-CSF) to attract and activate macrophages. In turn, 

macrophages, primed by factors such as IL-13, secrete key profibrotic molecules such as 

TGF-β1 and platelet-derived growth factor (PDGF), which are central to fibrotic progression 

(Murray et al, 2011). While other cell types also produce TGF-β1 and PDGF, macrophages 

have been identified as a significant source of these profibrotic factors that act upon adjacent 

fibroblasts, activating them and promoting collagen synthesis indicating that the physical 

proximity between macrophages and fibroblasts is essential for their communication and 

sustains the fibrotic process. Co-culture of macrophages and fibroblasts has demonstrated 

that an indespenible paracrine signaling axis exists between macrophages and fibroblasts that 

dictates their numbers and proliferation within fibrotic tissues (Zhou et al, 2018). The nature of 

these interactions can change based on the type and duration of tissue injury. Acute injury 

leads to a transient accumulation of macrophages that temporarily support fibroblast activity, 

whereas repeated or chronic injury results in persistent macrophage and fibroblast cell-circuits, 

driving sustained ECM deposition and a continuous and stable fibrotic state. Eventually 

fibroblasts can even lose the need for activation by macrophages, sustaining themselves 

through an aberrant autocrine loop. This has led to the classification of fibrosis as either 'hot,' 

characterized by active macrophage-fibroblast interactions, or 'cold,' dominated by autocrine 

fibroblast circuits (Adler et al, 2020). 

Phagocytosis by macrophages, which is their most basic function itself can also either 

exacerbate or mitigate fibrotic processes depending on the context (Peiser et al., 2002). When 

tissue injury leads to cell death, macrophages clear the resulting dead cells. The type of cell 

death—apoptotic or necrotic—determines the subsequent inflammatory response (Hotchkiss 

et al, 2009). Phagocytosis of apoptotic cells generally suppresses inflammation and can 

promote the resolution of fibrosis by removing stimuli that drive TGF-β1 and other profibrotic 

factors (Fadok et al, 1998). In contrast, engulfing necrotic cells triggers an inflammatory 

response that can be profibrotic by attracting additional immune cells and stimulating fibroblast 

activity. This however can also facilitate the cleanup of cellular debris that resolves 
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inflammation. Phagocytosis of erythrocytes, particularly by Kupffer cells in the liver, can induce 

fibrosis through oxidative stress and iron deposition (Otogawa et al, 2007). However, in models 

of liver injury, macrophages have been shown to promote tissue repair also by phagocytosing 

apoptotic cells, thereby reducing inflammation, and limiting fibrosis progression (Iredale, 2007; 

Iredale et al, 1998). Similarly, macrophages that express milk fat globule epidermal growth 

factor 8 (Mfge8) are able to clear apoptotic myofibroblasts and degrade excess collagen, 

resulting in the resolution of ongoing fibrosis (Atabai et al, 2009). Thus, the impact of 

macrophage phagocytosis on fibrosis, is quite divergent and influences both its development 

and resolution. Fibrosis is also associated with disrupted angiogenesis and prolonged hypoxia 

in the tissue (Wynn & Vannella, 2016). The transcription factor hypoxia-inducible factor-1α 

(HIF-1α) plays a significant role in TGF-β1-driven as silencing HIF-1α in alveolar macrophages 

has been shown to reduce their TGF-β1 production and mitigate bleomycin-induced fibrosis 

(Ueno et al, 2011). In type 2 cytokine dependent diseases including helminthic infections 

caused by S.Mansoni or in house-dust mite induced allergic asthma, chronic tissue remodeling 

can also eventually result in fibrosis. Here, fibrosis has shown to be TGF-Β1 independent and 

is mainly driven by the type 2 cytokine IL-13. Although macrophages are not key producers of 

IL-13 themselves (Wynn, 2004), depleting CD11b+ monocytes and macrophages in IL-13 

dependent mouse models of fibrosis prevents chronic type 2 driven inflammation and fibrosis. 

Borthwick et al, 2016 show that in contrast to other models of fibrosis, where macrophages 

adopt and switch between different phenotypes through the course of disease, in IL-13 

mediated inflammation, macrophages remain in a pro-fibrotic state continuously, thereby their 

complete depletion at any stage serves to improve fibrosis. Here macrophages function to 

recruit CD4+ T helper 2 cells, by producing chemokines such as CCL1 and CCL22, furthering 

the type 2 response (Borthwick et al., 2016).  

A distinct macrophage population, segregated-nucleus-containing atypical monocytes 

(SatMs), which originate from Ly6C- progenitors, have been identified to drive lung 

fibrogenesis in mouse modelsa and are regulated by the transcription factor 

CCAAT/enhancer-binding protein beta (C/EBPβ). In mice that lack C/EBPβ, fibrosis is reduced 

while inflammation remains unchanged, whereas transferring these cells back into Cebpb−/− 

mice leads to fibrosis (Satoh et al, 2017). While recent research has also demonstrated the 

heterogeneity in the various macrophage populations or phenotypes that regulate fibrosis and 

tissue remodeling, the monocyte-derived profibrotic macrophage appears to be a conserved 

player, central to fibrosis across organs, in mouse and man (Bhattacharya & Ramachandran, 

2023; Fabre et al, 2023). In human fibrotic tissues, a conserved population of monocyte-

derived ‘scar-associated macrophages (SAMacs)’ has been identified as central drivers of 

fibrosis. These SAMacs share a similar gene expression profile across various organs, such 

as the liver and lung, and are characterized by the expression of TREM2, CD9, and SPP1 
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(Ramachandran et al, 2019). Sustained by factors like granulocyte-macrophage colony-

stimulating factor (GM-CSF), TGF-β, and IL-17A, SAMacs closely interact with ECM-

producing fibroblasts, forming a fibrotic niche wherein signaling molecules that they secrete 

like IL-1β, amphiregulin (AREG), and PDGF activate fibroblasts (Bhattacharya & 

Ramachandran, 2023; Henderson et al., 2020).  

Thesis Figure 4: Macrophages and fibroblasts form a fibrotic niche  

Macrophage-fibroblast cell circuits are conserved feature of fibrosis across organs and species. 
Illustration from (Bhattacharya & Ramachandran, 2023) 

 

1.1.7 Adaptive immunity and fibrosis 

In addition to key innate immune cells, cells of the adaptive immune system play a vast 

plethora of roles in tissue injury, repair and fibrosis and this section will only summarize the 

role of CD4+ helper T cells. The adaptive immune system is responsible for targeted immune 

responses through specialized cell types, primarily T cells and B cells. CD4+ helper T cells 

play an important role and can differentiate into various subsets such as Th1, Th2, Th17, and 

T follicular helper (Tfh) cells in response to specific cytokine environments and antigenic 

stimulation (Walker & McKenzie, 2018). Each subset is defined by unique transcription 

factors—T-bet for Th1 (Szabo et al, 2000), GATA3 for Th2 (Zheng & Flavell, 1997), RORγt for 

Th17 (Ivanov et al, 2006), and Bcl6 for Tfh cells (Johnston et al, 2009)—and secretes distinct 

cytokines to coordinate immune defense. Th1 cells produce IFN-γ, enhancing the immune 

response against intracellular pathogens; Th2 cells secrete IL-4, IL-5, and IL-13, essential in 

parasitic infections and mediating allergic responses; Th17 cells release IL-17 and IL-22, key 

for defense against extracellular bacteria and fungi (Miossec et al, 2009); and Tfh cells 

promote B cell maturation and antibody production through IL-4 and IL-21 (Zhang et al, 2023). 

While having specific markers and functions, the different Th subsets also exhibit considerable 
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plasticity and play distinct roles in fibrosis where they can contribute variably to its progression 

or inhibition (Wynn & Ramalingam, 2012). Th2 cells have been shown to drive fibrosis, 

specifically as they produce cytokines such as IL-4 and IL-13, which directly stimulate 

fibroblasts to synthesize collagen. This response, evolutionarily tailored for defense against 

helminth infections and facilitates tissue repair in response to tissue damage but can also lead 

to pathological fibrosis in conditions like chronic liver disease and lung fibrosis which can 

result, especially driven by IL-13 (Richard et al, 2016). Th2 cytokines can also promote the 

differentiation of alternatively activated macrophages, which express arginase-1 and chitinase 

proteins that support collagen synthesis and while they limit inflammation in acute settings, 

they can also exacerbate fibrosis. Th17 cells, defined by IL-17A secretion, contribute to 

inflammation-driven fibrosis, as seen in conditions like pulmonary and myocardial fibrosis 

(Feng et al, 2009). IL-17A drives neutrophil recruitment and tissue damage and can directly 

activate fibroblasts by inducing matrix metalloproteinases. The IL-1β–IL-17A–TGF-β1 axis 

underscores the pathway's role in fibrosis, emphasizing how upstream cytokines such as IL-

1β and IL-23 drive profibrotic Th17 responses (Gasse et al, 2007; Wilson et al, 2010). Th1 

cells on the other hand have also been associated with limiting fibrosis (Gurujeyalakshmi & 

Giri, 1995). IFN-γ, a key Th1 cytokine, inhibits TGF-β1 signaling by blocking Smad3 

phosphorylation and promoting Smad7 expression, which attenuates downstream profibrotic 

gene activation along with suppressing fibroblast proliferation and collagen synthesis (Ulloa et 

al, 1999). Therefore, the roles of Th2, Th17, and Th1 cells in fibrosis is highly dynamic and 

can drive context-dependent pro- and antifibrotic mechanisms that are mediated by cytokines 

and macrophage subsets, shaping tissue repair and fibrotic outcomes (Wynn & Ramalingam, 

2012). 

Regulatory T cells (Tregs) in tissue repair and fibrosis 

The adaptive immune system provides highly specific immunity and memory against 

pathogens. In this process, it needs to maintain self-tolerance i.e not react to self-antigens 

encountered to prevent autoimmune reactions. This regulation takes places via two 

mechanisms – central and peripheral tolerance (Mathis & Benoist, 2004; Xing & Hogquist, 

2012). Central tolerance, occurs during development where self-reactive lymphocytes, in the 

case of T cells in the thymus or B cells in the bone marrow, are programmed to die through 

negative selection or their self-reactive antigen receptors are edited to non-reactive ones 

(Ohashi, 2003). Those T cells which recognize self-antigens with moderate affinity develop 

into regulatory T cells (Tregs) through the expression of a transcription factor forkhead box P3 

(Foxp3) (Fontenot et al, 2003; Sakaguchi et al, 2008). Tregs can also develop in the periphery 

from naïve CD4+ T cells that begin expressing Foxp3 (pTregs) (Chen et al, 2003). Since not 

all self-reactive antigens are present in the thymus during development and some self-reactive 
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T cells might escape and exit the thymus, a second regulatory mechanism, known as 

peripheral tolerance exists to protect against autoimmunity (Walker & Abbas, 2002). Peripheral 

tolerance is crucial and regulates lymphocytes that first encounter their specific-self antigen 

outside of the thymus due to commensal bacteria, dietary antigens or antigens encountered 

during chronic infections, thus preventing autoimmune flares to innocuous environmental 

encounters (Brown & Rudensky, 2023). One main mechanism through which peripheral 

tolerance works is through the function of Tregs which exert a regulatory role in reigning in 

and actively restricting this self-reactive immune response in peripheral organs (Vignali et al, 

2008). Tregs are therefore a distinct subset of CD4+ T cells that are mainly responsible for 

maintaining immune homeostasis and preventing autoimmune diseases by suppressing 

excessive immune responses and ensuring tolerance to self-antigens (Sakaguchi et al., 2008). 

At barrier interfaces, such as the skin, gut and lung, Tregs are essential for ensuring immune 

tolerance given the constant encounter with environmental and commensal stimuli (Campbell 

et al, 2018; Muñoz-Rojas & Mathis, 2021). They are identified by the expression of CD4, CD25 

(IL-2Rα), and the transcription factor Foxp3, which is indispensable for their development and 

suppressive function (Fontenot et al., 2003; Hori et al, 2003). Mice completely lacking Tregs 

(Scurfy mice) or those experimentally ablated of Tregs, have exacerbated inflammation and 

develop severe autoimmunity which eventually leads to excessive tissue damage and death 

(Brunkow et al, 2001; Kim et al, 2007; Lahl et al, 2007), with a similar phenomenon observed 

in humans with a loss of function mutation in the Foxp3 gene that causes 

Immunodysregulation, Polyendocrinopathy, Enteropathy, X-linked (IPEX) syndrome 

(Gambineri et al, 2003). Dysfunctional Tregs have also been observed in many autoimmune 

diseases including inflammatory bowel disease, type 1 diabetes, rheumatoid arthritis and 

lupus (Franz et al, 2007; Maul et al, 2005; Simone et al, 2021).  

Tregs exert their suppressive effects through various mechanisms, including cell-contact-

dependent inhibition, through the secretion of inhibitory cytokines like IL-10 and TGF-β (Tang 

& Bluestone, 2008; Vignali et al., 2008), expression of inhibitory receptors such as cytotoxic 

T-lymphocyte-associated protein 4 (CTLA-4) and programmed cell death protein 1 (PD-1), and 

adenosine production via CD39 and CD73 (Deaglio et al, 2007; Jain et al, 2010).  Treg-derived 

IL-10 has been shown to control inflammation and regulate the immune response in numerous 

contexts, including infections, allergy models, and autoimmune diseases (Rubtsov et al, 2008). 

For example, Tregs can reduce inflammation in allergy and asthma models by stimulating IL-

10 production by effector T cells, a process that can be reversed by blocking IL-10 signaling 

(Joetham et al, 2007; Kearley et al, 2005). Similarly, TGF-β is crucial for the development of 

induced Treg cells and may directly suppress effector T cells in some settings. The dual role 

of TGF-β in promoting fibrosis and maintaining immune tolerance further complicates its 

function in disease (Hawrylowicz & O'Garra, 2005; Wan & Flavell, 2007).  
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Beyond their homeostatic role of regulating the immune response and self-tolerance, more 

recently, ‘tissue-protective’ or ‘pro-repair’ Tregs have also emerged to be active facilitators of 

tissue repair and regeneration (Arpaia et al, 2015; Boothby et al., 2020; Burzyn et al, 2013; 

Loffredo et al, 2024). Tregs have been shown to protect stem cell niches during inflammatory 

activation (Fujisaki et al, 2011). In a model of acute lung injury (ALI), Tregs restrained 

excessive inflammation by increasing the availability of TGF-β and neutrophil apoptosis in the 

lung and during LPS-induced lung injury or peritonitis facilitated apoptotic clearance by 

macrophages (D’Alessio et al, 2009; Proto et al, 2018). In the heart, Treg-derived IL-10, IL-13 

and TGF-β1 is essential for preventing scar formation post myocardial infarction. Similarly, 

during kidney injury, IL-10 production by Tregs was necessary for limiting a pro-inflammatory 

milieu as IL-10 deficient Tregs failed to restore kidney function (Kinsey et al, 2009).  

In the context of fibrosis, Treg cells exhibit complex and often contradictory roles (Wang et al, 

2020). Studies in idiopathic pulmonary fibrosis (IPF) have revealed significant impairments in 

Treg function, both systemically and locally within the lungs. These dysfunctions correlate with 

disease severity and may contribute to the dysregulated immune responses observed in IPF 

patients (Moore & Herzog, 2016). For instance, certain aberrant Treg subtypes, such as 

Sema7a+ Tregs, promote fibrosis through TGF-β1-mediated mechanisms (Reilkoff et al, 

2013). Interestingly, Treg cells can also exhibit antifibrotic properties, as seen in models where 

enhancing Treg activity or altering their markers like CCR7 reduces fibrosis severity (Trujillo 

et al, 2010). The role of Tregs in fibrosis is further influenced by disease stage. In murine 

models of lung fibrosis, Tregs have been shown to contribute to TGF-β1 production and 

collagen accumulation during the injury phase, yet they may ameliorate fibrosis during later 

stages (Kotsianidis et al, 2009). Tregs also suppress Th2-driven inflammation, which is 

commonly associated with fibrosis and suppress fibrosis in the skin, but an imbalance in Treg 

subtypes and their skewed activation can exacerbate disease (Kalekar et al, 2019). These 

findings underscore the dual nature of Tregs in fibrotic diseases, where their suppressive 

functions can both mitigate and exacerbate pathology depending on the context.  

1.1.8 Cytokines, chemokines, and growth factors involved in fibrosis 

Fibrosis is driven by a complex network of cytokines, chemokines, and cellular interactions 

that promote fibroblast recruitment, proliferation, and excessive extracellular matrix (ECM) 

deposition (Henderson et al., 2020) (Thesis Figure 5). TGF-β, a key pro-fibrotic cytokine is 

produced by a number of cells including T cells, macrophages, eosinophils and neutrophils 

and is the most widely studied factor for its role in fibrosis in most organs. TGF-β is maintained 

in an inactive state by the latency-associated protein (LAP). When triggered by proteases, 

integrins and MMPs, LAP is disrupted and releases active TGF-β. Activated TGF-β then 

promotes fibroblast proliferation, extracellular matrix (ECM) synthesis, myofibroblast 
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differentiation, recruits inflammatory cells via chemokines like MCP-1, and suppresses T-cell 

activity (Munger et al, 1999). On the other hand, can also reduce inflammation and trigger cell 

death. Its role seems to largely depend on the cell type producing it— TGF-β1 from 

macrophages is usually pro-fibrotic, while TGF-β1 from regulatory T cells can have anti-

inflammatory effects (Kitani et al, 2003; Wynn & Ramalingam, 2012). Interestingly, in the next 

paragraph while other cytokines will be touched upon, they show a central theme of largely 

synergizing with TGF-β in their fibrotic roles (Henderson et al., 2020). While TGF-β is the most 

studied and dominant cytokine in fibrogenesis, other cytokines are also involved depending 

on the experimental model and initiating source of injury and fibrosis (sterile, helminth, viral) 

(Wilson et al., 2010). TNF-a, a key inflammatory factor, present early post-acute injury drives 

trans-endothelial migration and recruitment of inflammatory immune cells to the wound site. It 

has been shown to drive T cell mediated alveolitis and subsequent fibrosis and TNF-a 

knockout mice are protected from silica or bleomycin-induced lung fibrosis (Miyazaki et al, 

1995; Piguet et al, 1989). Interestingly, the fibrosis-inducing macrophage subset SatMs (see 

section above), are key sources of TNF-a too in a bleomycin-induced fibrosis model (Satoh et 

al., 2017). Similarly, mice deficient in IL-1B, another early inflammatory mediator also fail to 

develop severe fibrosis across organs such as the lung, liver, kidney, and heart (Gasse et al., 

2007; Wilson et al., 2010). IL-1B can activate fibroblasts via epithelial to mesenchymal 

transition (EMT) and acts upstream of TGF-β to induce myofibroblast differentiation (Fan et al, 

2001). IL-17A, produced by γδ T cells, CD4+ T cells, neutrophils, and mast cells, is another 

key cytokine that has been shown to drive fibrosis across multiple organs, including the lung, 

liver, and skin. In the bleomycin model of lung fibrosis, IL-17A which is secreted by CD4+ T 

cells exacerbates inflammation, neutrophil recruitment, and neutrophil-induced tissue injury, 

and TGF-β production (Wilson et al., 2010). TGF-β1, when produced in a pro-inflammatory 

environment amplifies IL-17A production. In turn, IL-17A directly acts on fibroblasts where it 

maintains their expression of TGF-ΒR hence increasing downstream TGF-β sensing and 

continued activation of collagen-producing fibroblasts. IL-4 and IL-13, that were introduced 

earlier in the context of macrophage activation, are significantly involved in the progression of 

fibrosis. Their induction shifts the inflammatory response from one that is more neutrophilic 

and dominated by proinflammatory macrophages (induced by cytokines such as IL-1, IL-17 

etc) to one with increased eosinophils and alternatively activated macrophages (Gieseck et al, 

2018). In addition to its role in activating macrophages (see previous section), IL-13 also 

induces fibroblast activation by directly stimulating collagen-producing fibroblasts and other 

stromal, parenchymal, and epithelial cell populations. Mouse models deficient in IL-13, IL-4R 

or IL-13RB1, along with studies that used neutralizing antibodies against them have shown to 

reduce fibrosis in various tissues, highlighting their involvement in fibrogenesis (Chiaramonte 

et al, 1999; Hart et al, 2017; Singh et al, 2017). Moreover, alarmins including IL-25, IL-33 and 
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thymic stromal lymphopoietin (TSLP) act as the first stimulators, inducing the production of IL-

4 and IL-13 by innate lymphoid cells, eosinophils, and T cells, further amplifying type 2-driven 

fibrosis (Vannella et al, 2016). In both mouse and human lung fibrosis, an increase in IL-25 is 

observed and mechanistically, IL-25 was shown to then stimulate the production of IL-13 from 

ILC2s which increased collagen deposition in the lungs (Hams et al, 2014). IL-11, in a more 

recent finding was shown to amplify fibroblast activation with both IL-17 and IL-4/IL-13 signals 

converging to induce it (Ng et al, 2019; Schafer et al, 2017). Whether tissue fibrosis occurs 

through the IL-1-IL-17 driven axis or is IL-4/IL-13 mediated depends on the injury and tissue. 

Acute experimental models often see an IL-17 mediated activation of TGF-β1, whereas 

chronic or repetitive models lead to a type 2 response being activated (Wilson et al., 2010). 

However, in cases where either one pathway was therapeutically targeted, it led to the 

induction of the other, highlighting an overlapping or converging role of different cytokines 

during fibrosis, which further complicates therapeutic strategies (Henderson et al., 2020). 

 

Thesis Figure 5: 

Cytokine networks in 

fibrosis 

A complex network of 
multiple cytokines are 
central to many fibrotic 
diseases. Illustration from 
(Henderson et al., 2020) 
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1.1.9 Idiopathic pulmonary fibrosis (IPF) 

Description and Clinical Manifestations 

Interstitial lung diseases (ILD) are a group of over 200 diseases that cause severe 

inflammation and scarring of the lungs which all ultimately impair gas exchange. While there 

are some non-fibrotic diseases, most ILDs are characterized by progressive fibrosis of the 

lungs (Wijsenbeek et al., 2022). Amongst this idiopathic pulmonary fibrosis (IPF) is the most 

common form of fibrotic ILDs. IPF is a chronic, progressive, and fatal disease. Given its 

idiopathic nature it usually has an unknown etiology and poor prognosis (Selvarajah et al, 

2023). The clinical symptoms of IPF include progressive dyspnea, reduced lung compliance, 

and an onset of symptoms such as shortness of breath and bibasilar crackles (King et al., 

2011). High-resolution computed tomography (HRCT) often shows that there is subpleural 

fibrosis and honeycombing in the lungs, while histopathology shows usual interstitial 

pneumonia (UIP) where there are fibroblastic foci interspersed with normal lung tissue. Key 

characteristic fibrotic changes in the lung include remodeling of the interstitium, distal airways, 

and alveolar spaces, often with hyperplastic epithelial cells, honeycomb cysts, and 

bronchiolization. These features contribute to irreversible lung dysfunction and architectural 

distortion (Raghu et al, 2018). 

Prevalence and Epidemiology  

IPF has a median survival of 2.5–3.5 years post-diagnosis (Ley et al, 2011) (Thesis Figure 

6). Epidemiological studies have reported that there is an incidence of 3–9 cases per 100,000 

people annually in North America and Europe. Globally, IPF incidence ranges between 0.09 

and 1.30 per 10,000 individuals, with the highest rates in the U.S., South Korea, and Canada 

(Hutchinson et al, 2015). The disease primarily affects older males, with studies showing that 

85% of patients over 70 (in a U.K population study) at diagnosis (Navaratnam et al, 2011). 

Despite the overall mortality rate declining from 2004 to 2017—likely due to reduced tobacco 

use, less reliance on immunosuppressants, and new antifibrotic treatments, IPF remains a 

significant health challenge (Fernandez Perez et al, 2010; Raghu et al., 2006). 

 

Risk Factors for Idiopathic Pulmonary Fibrosis (IPF) 

Environmental Factors 

Environmental exposures play a key role in IPF development by causing chronic alveolar 

epithelial injury (Abramson et al, 2020; Sack & Raghu, 2019) . Tobacco smoke is one of the 

most significant risk factors, with smokers—particularly those with familial IPF—at significantly 

higher risk of disease. Occupational exposures, such as metal and wood dust, livestock 

handling, and industrial fumes, have also been consistently linked to IPF (Abramson et al., 
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2020; Gandhi et al, 2024). Studies show higher incidence rates in industrialized areas, with 

men being more affected in the past due to occupational roles (Gandhi et al., 2024). 

Additionally, domestic exposures, such as mold, bird antigens, and poorly maintained 

ventilation systems, may contribute to disease risk, though the exact impact on disease 

progression remains unclear (De Sadeleer et al, 2018; Winterbottom et al, 2018). Air pollution 

and other particulate matter further exacerbate epithelial damage, particularly in individuals 

with underlying genetic predisposition (Johannson et al, 2014) . 

Genetic Factors 

Genetic predisposition significantly influences IPF susceptibility. Familial pulmonary fibrosis 

(FPF) is defined by cases where two or more family members are affected. This accounts for 

up to 20% of IPF cases (Adegunsoye et al, 2024). In sporadic IPF genetic mutations or variants 

in telomere-related genes (e.g., telomerase reverse transcriptase (TERT), and telomerase 

RNA component (TERC)) and cell-adhesion genes (e.g., DSP) are associated with disease 

risk (Sack & Raghu, 2019) . In IPF, the mucin 5B (MUC5B) promoter variant is the most 

common genetic alteration that is found to be present in 38% of patients and homozygous 

carriers have a 21-fold risk for developing disease. This impairs mucociliary clearance which 

then promotes epithelial injury and fibrosis (Yang et al, 2015a). However, known genetic 

variants explain only a fraction of disease cause, highlighting the complexity and idiopathic 

nature of IPF pathogenesis. 

Aging 

Aging is the most consistent and significant non-modifiable risk factor for IPF. The prevalence 

of IPF doubles every decade after the age of 50 (Gulati & Thannickal, 2019) (Thesis Figure 

6). Cellular hallmarks of aging, such as telomere shortening, DNA damage, mitochondrial 

dysfunction, and dysregulated proteostasis all influence disease development (López-Otín et 

al, 2023). Senescence and loss of function of alveolar type 2 (AT2) cells is particularly 

important, as these cells exhibit impaired repair capacity and contribute to a profibrotic 

environment (Yao et al, 2021). Mitochondrial dysfunction and oxidative stress exacerbate DNA 

damage, further promoting cellular senescence. Telomere attrition is a key feature of aging in 

IPF, with genetic mutations in telomere maintenance genes driving fibrosis. Additionally, 

endoplasmic reticulum (ER) stress and the accumulation of misfolded proteins in AT2 cells 

lead to apoptosis, senescence, and fibrosis, further linking aging processes to IPF pathology 

(Korfei et al., 2008). 
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chemotherapeutic drug for human lung cancers but one of its major side-effects was lung 

fibrosis (Chen & Stubbe, 2005; Umezawa et al, 1967). It causes direct DNA damage to cells 

in organs such as the lung which have low levels of the bleomycin-inactivating enzyme 

bleomycin hydrolase (Chaudhary et al, 2006). In mice, when bleomycin is instilled 

intratracheally it induces damage to the lung epithelium causing severe epithelial injury that 

triggers an inflammatory response peaking around day 7 post injury, with immune cell 

infiltration and macrophage activation. Fibrosis begins to accumulate by day 14, with peak 

collagen deposition and extracellular matrix buildup around 21–28 days (section 1.2); 

however, in many mouse models this response eventually resolves, so repetitive instillations 

are often employed to study persistent, end-stage fibrosis (Della Latta et al., 2015).  

Current treatments for IPF 

IPF is irreversible and fatal. The therapeutic landscape of IPF is spotted with decades of 

research and clinical trials, yet with no cure (Kam et al, 2022). A breakthrough came with the 

approval of two Food and Drug Administration (FDA)-approved drugs, Pirfenidone and 

Nintedanib, that both work to slow down the progression of the disease, by decelerating the 

decline of lung function (Somogyi et al, 2019). Pirefenidone targets the TGF-B pathway and 

has some anti-inflammatory effects, although the exact mechanisms of this are unclear, to 

slow fibrosis progression (King et al, 2014; Noble et al, 2011). Nintedanib, which is a tyrosine 

kinase inhibitors blocks PDGF and VEGF signaling which work to reduce the proliferation of 

fibroblasts and slows down the rate of lung scarring and respiratory failure, helping increase 

the median survival and manage symptoms (Richeldi et al, 2011; Richeldi et al, 2014) . Despite 

this, they only represent management of fibrosis and currently there are no therapies available 

to stop or reverse fibrosis completely in the (Selvarajah et al., 2023). Several trials targeting 

different pathways are ongoing (Zhao et al., 2022). These include senolytics, aimed at clearing 

age-related senescent cells and many cytokine and immune modulating inhibitors. 

Chemotherapy drugs like dasatinib and quercetin, have shown potential in reducing fibrosis 

by targeting senescent fibroblasts and epithelial cells (Somogyi et al., 2019). Biologic drugs 

targeting fibrosis-driving pathways, such as pentraxin-2, which is a circulating glycoprotein that 

regulates monocyte-derived macrophage activation and galectin-3 inhibitors, which interfere 

with cell adhesion and fibrosis-related signaling, are currently in advanced clinical trials (Hirani 

et al, 2021; Van Den Blink et al, 2016). However, for patients with advanced fibrosis, lung 

transplantation still remains the only treatment option for prolonged survival (Kapnadak & 

Raghu, 2021). Given the vast mechanisms that regulate fibrosis as described above, the need 

for understanding both immune and tissue contributions is pressing (Somogyi et al., 2019). 

  



 

22 

1.2 Lung Macrophages Through Life: Fate, Function, and Fibrosis 

As a barrier organ constantly exposed to environmental insults, the lung has a unique 

environment that directly interfaces with the outside world. To maintain function and 

homeostasis, it relies on effective repair mechanisms (Planer & Morrisey, 2023). The lung 

macrophage compartment, regarded as a key regulator of tissue repair, plays a central role in 

this process. In this section, we will explore how different unique lung macrophage populations 

respond to inflammation, mediate repair, drive fibrosis, and evolve to adapt to the changing 

demands across the lifespan (Morales-Nebreda et al, 2015). 

1.2.1 The structure of the lung 

The lungs are our primary organs of respiration. They are responsible for a vital life process - 

the exchange of oxygen and carbon dioxide between the external environment and the 

bloodstream. Gas exchange occurs in the alveoli, that are located deep within the lung where 

a network of delicate tubes leads to a thin alveolar epithelial barrier. (Hsia et al, 2016). The 

alveolar epithelium directly lines with a dense capillary network to facilitate efficient gas 

exchange (Knudsen & Ochs, 2018). On average, the lungs process around 10,000 liters of air 

every day. This exposes them to both harmless particles and potentially harmful toxins or 

pathogens from the air (Schneider et al, 2021). To protect against these threats, the lungs 

have a number of different defense mechanisms, with the epithelium serving as the first 

protective layer, coupled with the innate immune system. The epithelium forms a mucosal 

barrier, ensuring that inhaled pathogens, particulates, and foreign materials do not 

compromise the lungs' structural or functional integrity over time (Basil et al, 2020). The upper 

airways are made up of pseudostratified epithelium with many cell types, including ciliated 

cells, goblet cells, club cells, basal progenitor cells, neuroendocrine cells, ionocytes and tuft 

cells. The lower airways end in respiratory bronchioles, alveolar ducts, and alveolar sacs, 

where gas exchange takes place through closely connected capillary networks. The lung 

alveolus is composed of epithelial, endothelial, mesenchymal, and immune cells, including 

alveolar and interstitial macrophages and dendritic cells (Travaglini et al, 2020; Vieira Braga 

et al, 2019). In a healthy state, the alveolar niche remains largely inactive, with slow cell 

turnover. However, due to its constant exposure to the external environment, the alveoli are 

frequently subjected to injury, requiring coordinated repair mechanisms to maintain lung 

function. Various cell types contribute to homeostasis, tissue regeneration, and immune 

regulation. When these processes become dysregulated, they can lead to ineffective repair, 

persistent inflammation, or fibrosis, ultimately impairing lung function (Basil et al., 2020). 
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1.2.2 The respiratory epithelium – the injured soldiers 

The alveolar epithelium is lined by two main cell types: alveolar type 1 (AT1) and alveolar type 

2 (AT2) cells (Weibel, 2015). AT1 cells are flat, squamous cells that make up more than 95% 

of the alveolar surface area. They have a thin, flat, expansive structure in close proximity with 

endothelial cells and the lung’s vasculature. The main function of AT1 cells is to facilitate 

efficient gas exchange between the alveoli and the bloodstream (Williams, 2003; Yang et al, 

2015b). AT2 cells are cuboidal cells that reside at the corners of the alveoli. Although the 

number of AT2 cells is almost twice as many as AT1 cells, they cover less than 5% of the 

alveolar surface. They are primary producers of surfactant, a substance that reduces surface 

tension in the alveoli, ensuring they remain open for gas exchange (Chen et al, 2006). In 

addition, AT2 cells help regulate fluid balance, transport ions, modulate immune responses in 

the lung, and importantly function as progenitor cells that can differentiate into AT1 cells when 

needed for repair. Organs such as the lung which have a slow cell turnover, especially in the 

epithelium, rely on bifunctional stem cells. While early during postnatal development, both AT1 

and AT2 cells are specified (Rawlins et al, 2009), during adulthood AT2 cells demonstrate 

stem-cell-like behavior and can give rise to new AT1 cells (Barkauskas et al, 2013). Clonal 

analysis studies showed that while most AT2 cells remain in a quiescent state, a small subset 

retained continuous stem cell activity during homeostasis. It was observed that an active AT2 

cell had the ability to proliferate and repeatedly produce new AT1 cells, while nearby AT2 cells 

remained inactive. This resulted in clusters of AT1 cells that could be traced back to the single 

active AT2 cell lineage (Desai et al, 2014). Given its constant exposure to external 

perturbations, while remaining relatively quiescent, the alveolar epithelium exhibits a high 

need for regeneration. This can occur because of acute perturbations (ARDS, acute infection) 

as well as chronic damage from repetitive environmental exposures (Basil et al., 2020; Planer 

& Morrisey, 2023). When the epithelial barrier is injured, without complete destruction, the 

numbers of AT2 cells rapidly increases. Repair and regeneration of the alveolar epithelium 

relies heavily on the progenitor capacity of AT2 cells and their ability to transition and form 

new AT1 cells (Zacharias et al, 2018). Within the AT2 population, a subset of cells expressing 

Axin2, a Wnt responsive gene, were identified as the population serving as progenitors, termed 

alveolar epithelial progenitors (AEPs). Wnt signaling therefore activates Axin2+ AEPs, 

promoting AT2 self-renewal (Nabhan et al, 2018).  

Stem-cell AT2 to AT1 transition is not a direct, one-step process. Rather, AT2 cells transition 

through various intermediate states. These states are characterized by the expression of 

specific markers such as Krt8 and Cldn4 and across studies various terms such as Krt8+ 

alveolar differentiation intermediates (ADI) and damage-associated transient progenitors 

(DATP) have been used to define them (Jiang et al, 2020; Kobayashi et al, 2020; Strunz et al, 
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2020). Inflammation, particularly through signals like IL-1β that are secreted by interstitial 

macrophages, can push a subset of AT2 cells expressing IL1r1 into these transitional states 

to facilitate AT1 cell repopulation post injury therefore linking inflammation to the regulation of 

repair mechanisms (Choi et al, 2020). These transitional states are often associated with TGF-

β signaling, p53 activation, cellular senescence, and inflammation (Bhandary et al, 2013). The 

presence of these intermediate cell populations suggests that AT2 cells display significant 

heterogeneity after injury, reflecting their various roles in regeneration or dysfunction (Olajuyin 

et al, 2019; Pooja et al, 2011).  

In cases of IPF, AT2s are impaired and lose their progenitor capability, creating a gap in 

effective lung repair. The wingless-related integration site (WNT) Wnt–β-catenin pathway, 

important for tissue self-renewal, is persistently active in AT2 cells in pulmonary fibrosis 

(Chilosi et al, 2003). Its activation via WNT1-inducible signaling pathway protein 1 (WISP-1) 

promotes AT2 cell proliferation, epithelial-to-mesenchymal transition (EMT), and extracellular 

matrix (ECM) production by lung fibroblasts. Blocking WISP-1 reduces fibrosis in bleomycin-

treated mice, highlighting its role in disease progression (Königshoff et al, 2009). Factors such 

as hypoxia and Notch signaling can drive these progenitor cells toward an airway phenotype 

rather than proper AT2 or AT1 differentiation, contributing to the formation of dysplastic 

structures and cysts characteristic of fibrotic lungs (Shiraishi et al, 2024). The failure of 

transitional cells to properly mature into fully functional AT1 cells under certain disease 

conditions could contribute to the lack of effective regeneration observed in lung fibrosis (Choi 

et al., 2020) (Thesis Figure 7).  

Thesis Figure 7: Alveolar Epithelial Repair and Fibrosis 

(a) Injury-induced loss of AT1 and AT2 cells triggers AT2 proliferation and differentiation into AT1 cells 
for repair. (b) Transitional cell states emerge, differentiating into AT1 cells. (c) In fibrosis, transitional 
cells increase but fail to fully differentiate, contributing to impaired repair. Illustration from (Verheyden 
& Sun, 2020) 
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1.2.4 The ontogeny of tissue-resident alveolar macrophages 

The ontogeny of tissue-resident macrophages was initially based on van Furth’s model of the 

‘mononuclear phagocyte system (Van Furth & Cohn, 1968) where it was believed that tissue-

resident macrophages are constantly replenished by circulating monocytes in the blood, 

derived from adult hematopoietic stem cell (HSC) progenitors in the bone marrow. This was 

substantiated by experiments in which tissue-resident macrophages of irradiation chimeras 

were replenished by those derived from donor bone marrow cells (Tarling & Coggle, 1982) . 

For decades to follow, this foundational paradigm was further supported by findings that 

uncovered a common multipotent monocyte progenitor that had the ability to give rise to 

macrophages and dendritic cells in-vivo upon adoptive transfer of bone marrow precursors 

into irradiated hosts (Fogg et al, 2006) . Furthermore, in-vitro studies of bone-marrow derived 

monocytes and adoptive transfer experiments of circulating monocytes conclusively 

demonstrated their ability to differentiate into macrophages (Sallusto & Lanzavecchia, 1994). 

While these studies, limited by the techniques available at the time, seemed to confirm van 

Furth’s dogma and indeed showed that monocytes had the ability to differentiate into tissue-

resident macrophages, these conclusions were drawn from experiments in which tissue-

resident niches were depleted by irradiation thus compelling bone marrow precursors and 

monocytes to repopulate the niche (Maus et al, 2006). As a result, they did not clarify how 

tissue-resident macrophage populations were maintained and replenished under normal, 

steady-state conditions. In the early 2000s, an important breakthrough study showed that this 

prevailing concept did not uniformly apply to all tissues, as Langerhans cells (epidermal tissue-

resident macrophage population) appeared to be radioresistant and repopulated from host 

cells post bone-marrow transplantation. This contrasted with circulating monocytes, which 

were of donor origin and only populated the tissue upon inflammatory injury to the skin that 

resulted in the loss of Langerhans cells (Merad et al, 2002). Similar findings followed, showing 

that microglia, tissue-resident macrophages in the brain, remained of host origin despite lethal 

irradiation (Ginhoux et al, 2010). In experiments where the lung was shielded from irradiation 

thus protecting the resident alveolar macrophage population from ablation, bone marrow 

derived monocytes did not replace the existing pool (Murphy et al, 2008). To investigate 

macrophage turnover without disruption of the host resident populations, parabiosis 

experiments, in which the circulatory systems of congenially marked mice were joined, 

revealed that under steady-state conditions macrophages in the lungs and brain remained 

solely derived from the host. On the other hand, macrophage populations in tissues such as 

the gut, dermis, and heart were seen to be repopulated from both host and donor origins 

(Hashimoto et al, 2013). Fate mapping studies (Yona et al, 2013) have now established that 

each tissue displays its own turn-over rate under steady state conditions, with the involvement 
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of circulating monocytes in maintaining macrophage populations during homeostasis confined 

to specific tissues. Instead, tissue-resident macrophages, such as microglia, alveolar 

macrophages in the lungs, Kupffer cells in the liver and splenic macrophages originate from 

embryonic precursors, which are seeded in these tissues before birth and continue to self-

renew locally throughout adulthood, without significant input from bone-marrow derived 

precursors under steady-state conditions (Ginhoux et al, 2016).  

Tissue-resident macrophages derive from three distinct precursors, namely yolk-sac derived 

macrophages (YS-Macs), fetal liver monocytes (FL-Mos) and bone-marrow derived 

monocytes (BM-Mos) (Ginhoux & Guilliams, 2016). Immune cells, including macrophages, are 

produced and seeded in three consecutive developmental waves of hematopoiesis (Bertrand 

et al, 2005). The first wave of primitive hematopoiesis emerges from blood islands of the extra-

embryonic yolk sac around the embryonic age of E7.0 in mice (equivalent to 3 weeks of 

gestation in humans) (Palis & Yoder, 2001). This gives rise to erythroid, megakaryocyte and 

macrophage progenitors (Palis et al, 1999). These macrophage progenitors directly develop 

into YS-Macs, without a monocytic intermediate. Once the blood circulation is established at 

E8.5-9.0 (Gomez Perdiguero et al, 2015), YS-Macs are released from their entrapment in the 

blood islands and begin migrating to tissues by E8.5-10.0, forming the direct precursors for 

microglia in the brain (Ginhoux et al., 2010; Kierdorf et al, 2013).  At the same time, a second 

wave of hematopoiesis occurs (transient definitive wave) giving rise to erythro-myeloid 

precursors (EMP) that migrate into the fetal liver, where they expand and proliferate, giving 

rise to cells of multiple lineages including fetal liver monocytes from E12.5 onwards (Hoeffel 

et al, 2015). This intermediatory stage in the fetal liver is essential as studies have shown that 

EMPs do not have the capacity to establish tissue-resident macrophages when they are 

directly transplanted into immune-compromised mice (Ginhoux & Guilliams, 2016; Palis & 

Yoder, 2001). Fetal liver monocytes are released into the blood around day E13.5 and colonize 

most tissues, except for the brain (Ginhoux et al., 2010), by E14.5, replacing tissue 

macrophages seeded during the primitive wave. The third, definitive hematopoiesis’ wave 

produces the first hematopoietic stem cell (HSC) and colonizes the fetal liver, which becomes 

the primary site of embryonic hematopoiesis by E12.5. These precursors then seed the fetal 

bone marrow by E17.5, ultimately leading to the formation of adult hematopoietic stem cells in 

the bone marrow that give rise to the various cells of the adult immune system, including adult 

bone marrow derived monocytes, that will replenish the macrophage pool over life (Ginhoux 

& Guilliams, 2016; Hoeffel & Ginhoux, 2018; Hoeffel et al, 2012).  
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Thesis Figure 9: Development of alveolar macrophages - Fetal liver-derived monocytes 

colonize the lungs by E13.5–E14.5 and differentiate into alveolar macrophages via GM-CSF-induced 

PPAR-γ expression. Illustration from (Ginhoux, 2014) 

Alveolar macrophages develop from fetal liver monocytes that initially seed the lungs around 

E14.5 and expand into a pre-AM state by E17.5 and migrate into the alveolar niche at P0 

(Ginhoux & Jung, 2014; van de Laar et al, 2016), the day of birth through critical cues 

instructed by granulocyte-macrophage colony-stimulating factor (GM-CSF) secreted by 

alveolar epithelial cells (Gschwend et al, 2021a; Guilliams et al, 2013). The absence of AMs 

in GM-CSF or GM-CSF receptor-deficient mice underscores the importance of this signaling, 

while mice lacking macrophage colony-stimulating factor (M-CSF) still develop AMs. This 

differentiation is supported by autocrine TGF-β signaling, facilitated by the interaction between 

TGF-β and lung epithelial integrins. Together, these cues induce the expression of the 

transcription factor peroxisome proliferator-activated receptor gamma (PPAR-γ), activating the 

development and maturation of AMs (Schneider et al, 2014). Alongside PPAR-γ, other key 

transcription factors such as Bach2, Egr2, and Bhlhe40 further reinforce the unique identity of 

AMs and sustain their self-renewal, in addition to core macrophage defining transcription 

factors such as C/EBPB and PU.1 (Aegerter et al., 2022; Daniel et al, 2020; Gorki et al, 2022; 

Mass et al, 2016; Rauschmeier et al, 2019; Shibata et al, 2001). Only by day 3 post birth (P3), 

AMs start to mature (Guilliams et al., 2013) and express high levels of key surface markers 

including sialic acid-binding immunoglobulin-like lectin F (Siglec-F) and CD11c, which are 

characteristic of their identity (Ginhoux & Jung, 2014; Misharin et al, 2013; van de Laar et al., 

2016). (Thesis Figure 9). AMs continue to mature over the first weeks of life, reaching a stable 

homeostatic adult phenotype around P14-P21. This progressive maturation occurs in an 
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environment of dramatic tissue organization, cell turnover, exposure to the first breath and 

varying environmental stimuli from the external world. Our lab has shown that early in life, 

developing AMs spontaneously release inflammatory cytokines and eventually ‘calm down’ 

upon reaching maturity, achieving a low-reactive identity characteristic of mature homeostatic 

AMs (Saluzzo et al, 2017).  

1.2.5 Environmental cues regulate TR-AM identity and function 

The unique environment of TR-AMs, within the alveoli shapes their identity and function 

allowing them to act as both frontline defenders and mainstays of tissue homeostasis, while 

averting unwarranted inflammation in response to every ambient stimulus (Hussell & Bell, 

2014b). TR-AMs function primarily to clear debris, inhaled particles and cellular waste via an 

immunologically silent process known as efferocytosis (Gheibi Hayat et al, 2019; Schneider et 

al., 2014) .TR-AMs need to control immune responses without endangering the fragile alveolar 

tissue integrity. Therefore, tightly regulated environmental processes are needed to direct TR-

AM function in maintaining tissue preservation and effective immune surveillance (Bain & 

Macdonald, 2022). The alveolar microenvironment plays a defining role in shaping the identity 

and function of AMs. Given their location, surrounded by a niche of epithelial cells, the cues 

and interactions with AT2 cells are essential for maintaining AMs. As mentioned above, GM-

CSF produced by AT2 cells is indispensable for the development, function, and maintenance 

of AMs (Gschwend et al, 2021b; Guilliams et al., 2013; Shibata et al., 2001). Lung environments 

that lack GM-CSF (or GM-CSFR on AMs) where AMs fail to develop or are functionally 

impaired and unable to clear surfactant, lead to the onset of a rare disorder called pulmonary 

alveolar proteinosis (PAP), caused due to a buildup of excess surfactant that compromises 

efficient gas exchange and lung function.  (Trapnell & Whitsett, 2002; Trapnell et al, 2003), 

During early life, neonatal lung environments display a skewing towards a type 2 environment. 

IL-33 and GM-CSF produced by epithelial cells cooperates with IL-13 producing type 2 innate 

lymphoid cells (ILC2s) (Saluzzo et al., 2017) and basophils to imprint the identity of developing 

TR-AMs (Cohen et al, 2018) While not essential during fetal development, ILCs are another 

source of GM-CSF at steady state, supporting the maintenance of adult TR-AMs (Gschwend 

et al., 2021a).  

At steady-state i.e in the absence of infection, TR-AMs are kept in an immunosedated or low-

reactive state by several inhibitory regulators to prevent inflammatory exacerbation in 

response to the constant environmental antigens they are presented with (Hussell & Bell, 

2014b; Kulikauskaite & Wack, 2020).  While a prime function of TR-AMs is to recycle and clear 

away excess surfactant, pulmonary surfactants themselves are critical regulators of AM 

function (Hussell & Bell, 2014b). A key function of TR-AMs is to surveil the airways (Neupane 

et al, 2020), which they perform by crawling along the luminal surface, directed by the actin 
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cytoskeleton. This function is regulated by surfactant protein A (SP-A) along with the 

complement C5a (Janssen et al, 2008; Neupane et al., 2020), which directs the migration of 

TR-AMs through the pores of Kohn, permitting them to move between alveoli. Furthermore, 

SP-A and surfactant protein D (SP-D), bind to TR-AMs and regulate their immune activity by 

blocking the activation of Toll-like receptors (TLRs) on AMs at steady-state, which are 

responsible for detecting pathogen-associated molecular patterns (PAMPs) and initiating 

inflammatory responses (Gardai et al, 2003; Janssen et al., 2008; Yamada et al, 2006). By 

inhibiting TLR signaling, these surfactant proteins ensure that AMs do not become hyper-

activated in response to non-threatening stimuli, preserving the delicate balance of immune 

tolerance within the lungs (Gardai et al., 2003; Haczku, 2008). Several cytokines and 

regulatory proteins fine-tune AM function and identity, helping maintain the low-reactive state 

and preventing excess inflammation (Hussell & Bell, 2014b). , TGF-β a potent 

immunoregulatory factor present in mouse and human lungs during homeostasis (Coker et al, 

1996) and activated by αvβ6 integrin expressed by alveolar epithelial cells, ensures the 

maintenance of lung integrity (Meliopoulos et al, 2016). Loss of activated TGF-B as observed 

in studies where Itgb6 (gene encoding integrin B6) is deleted, resulting in the excess 

production matrix metalloproteinase-12 (MMP12) by dysfunctional AMs leading to lung 

emphysema and local inflammation, which can be corrected by over expression of TGF-β 

(Morris et al, 2003). TGF-β is crucial for the development and function of alveolar 

macrophages (AMs) through both autocrine and paracrine mechanisms involving TGF-β 

receptor (TGF-βR) expression and signaling on tissue-resident alveolar macrophages (TR-

AMs). In mice, research has demonstrated that removing TGF-βR on AMs interferes with their 

proper development (Yu et al, 2017). Disruption in TGF-ΒR signaling also hinders GMCSFR 

expression, thereby further impacting AM maturation, however the precise interaction of these 

pathways remains unclear. TGF-β also appears to regulate the expression of CD200R1, an 

inhibitory receptor expressed on TR-AMs, that is essential for maintaining the activation 

threshold of AMs (Snelgrove et al, 2008). Consistent with this, the loss of TGF-β has also been 

shown to cause spontaneous production of pro-inflammatory cytokines by TR-AMs (Morris et 

al., 2003). Similarly, Interleukin-10 (IL-10), a key anti-inflammatory cytokine, regulates TR-

AM responses via IL-10R which is expressed on both mouse and human alveolar 

macrophages (Fernandez et al, 2004; Lim et al, 2004). IL-10 binding on IL-10R activates the 

Janus kinase 1 (JAK1)-signal transducer and activator of transcription 3 (STAT3) pathway. 

This in turn activates key downstream genes including suppressor of cytokine signaling 3 

(SOCS3), which plays a critical role in blocking pro-inflammatory signaling. SOCS3 inhibits 

cytokine receptors and dampens TLR signaling, preventing the release of pro-inflammatory 

mediators such as TNF and IL-6, ensuring that AMs remain in a low-reactive state during 

homeostasis, preventing chronic inflammation in the lungs (Fernandez et al., 2004; Murray, 
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2006). Alveolar macrophages are carefully controlled by various environmental signals and 

pathways to keep their immune activity balanced. Molecules like TREM2, MARCO, CD200R, 

IL-10, SOCS3, GM-CSF, PPARy and TGF-β work together to prevent unnecessary 

inflammation and maintain lung health (Branchett et al, 2021; Gao et al, 2013; Ghosh et al, 

2011; Gschwend et al., 2021a; Rooijen et al, 2019). These mechanisms allow macrophages 

to clear pathogens and debris without overreacting and damaging lung tissue. Understanding 

how these pathways regulate immune tolerance is vital for developing treatments for lung 

diseases where this balance is disrupted (Bain & Macdonald, 2022; Hussell & Bell, 2014b). 

Thesis Figure 10: Regulation of alveolar macrophage identity and function 
Regulation of alveolar macrophages by IL-10, TGFβ, TREM2, mannose receptor, CD200R, and 
surfactant proteins. Illustration from (Hussell & Bell, 2014b) 
 

1.2.6 Alveolar macrophages during inflammation 

Upon inflammation, TR-AMs can rapidly switch from their homeostatic role to an activated 

state, becoming essential orchestrators of the lung’s innate immune defense (Ghosh et al., 

2011; Kopf et al., 2015). They identify pathogen-associated molecular patterns (PAMPs) 

through pattern recognition receptors (PRRs), triggering an immediate and robust 

inflammatory response. Upon activation, AMs release a myriad of pro-inflammatory cytokines 

such as TNF-α, IL-1β, and type I interferons (IFNs) (Cakarova et al, 2009; Kumagai et al, 2007; 

Zahalka et al, 2022). This leads to the activation and recruitment of other immune cells like 

neutrophils, monocytes, and dendritic cells (DCs), T cells to the infection site, thereby 

amplifying the inflammatory response (Branchett et al, 2020; Grant et al, 2021; Westphalen et 

al., 2014). TR-AMs are especially important during bacterial infections, such as pneumococcal 

pneumonia, where they coordinate the innate immune response to contain and clear the 

pathogen effectively. When the pathogen load is moderate, AMs can clear the pathogen, as 
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seen with low doses of Streptococcus pneumoniae (Knapp et al, 2003). When the pathogen 

burden exceeds their phagocytic capacity, they further upregulate chemokine production to 

further mobilize other immune cells (Aberdein et al, 2013). Once the inflammatory phase is 

under control, AMs transition into a resolutory phenotype, releasing anti-inflammatory agents 

like TGF-β, IL-1 receptor antagonist (IL-1RA), and prostaglandins to help calm the immune 

response (Hussell & Bell, 2014b). This shift helps restore lung homeostasis, preventing 

chronic inflammation. However, disruptions in regulatory signals can cause AMs to maintain a 

pro-inflammatory state, leading to excessive or prolonged immune responses and tissue 

damage.  

1.2.6 Inflammation drives remodeling and repopulation of lung macrophages 

While TR-AMs arise from embryonic derived precursors, studies have shown that bone-

marrow derived monocytes can differentiate into bona-fide alveolar macrophages when 

provided with the required niche factors (van de Laar et al., 2016). Therefore, while TR-AMs 

are long-lived cells, capable of self-renewing at steady state in the lungs with minimal 

contribution from monocytes, acute inflammation and severe injury or infection, leads to the 

loss of TR-AMs, a phenomenon referred to as the ‘macrophage disappearance reaction’ 

(Aegerter et al., 2022; Barth et al, 1995). The cause of this depletion of TR-AMs remains 

elusive with several potential mechanisms proposed. TR-AMs may either become directly 

infected and undergo cell death, encounter pro-apoptotic signals from other dying immune 

cells or lose critical survival signals from injured epithelial cells that are needed for their 

maintenance in the alveoli or airway. Alternatively, damage to epithelial cells could also cause 

TR-AMs to become detached and cleared away. One theory in the field proposes that given 

their efferocytotic role and pro-repair propensity to promote a low-reactive anti-inflammatory 

state in the lungs, TR-AM may hinder the initial inflammatory response necessary to control 

an acute infection, making this disappearance an evolutionary feature that allows acute 

inflammation and effective pathogen clearance to ensue (Aegerter et al., 2022; Bain & 

Macdonald, 2022; Malainou et al, 2023). A similar pattern is observed in human infections, 

including severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), where a marked 

reduction of TR-AMs is observed – although the exact trigger – direct infection or disruption of 

epithelial-TR-AM signals- remains unclear (Bailey et al, 2024; Chen et al, 2022b). Given this 

loss of TR-AMs, the lungs must quickly restore the alveolar macrophage population to ensure 

efficient gas exchange and maintain tissue integrity and function. Repopulation of the TR-AM 

population occurs through either local proliferation of the remaining TR-AMs (Jenkins et al, 

2011; Minutti et al, 2017) or by the recruitment of monocytes that differentiate into 

macrophages to replace the lost population (Aegerter et al, 2020; Misharin et al, 2017) . When 

the injury is mild, as in the case of low dose LPS exposure, TR-AMs replenish themselves 
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producing pro-inflammatory cytokines and anti-microbial compounds as well as serving as 

precursors that can differentiate into macrophages (Shi & Pamer, 2011). While macrophages 

in some tissues such as the gut are continuously replenished by monocytes at steady-state, 

alveolar macrophages see minimal contribution (Bain et al, 2014; Hashimoto et al., 2013). 

However, the interstitial macrophage pool is steadily replenished by monocyte-derived cells, 

with monocytes undergoing a proliferative phase as they differentiate into Ims (Vanneste et al, 

2023). During lung injury or inflammation, monocyte recruitment is amplified and, in some 

pathologies, also triggers a condition called ‘emergency monopoiesis’ where there is a rapid 

increase in monocyte production in the bone-marrow which are then mobilized to the tissue 

(Swann et al, 2024). Upon lung inflammation, there is an increased production of chemokines 

such as CCL2, CCL7, CCL5 and CCL10 produced by a number of cell types at the site of 

injury including epithelial and stromal cells (Malainou et al., 2023). These signal through the 

CCR2 receptor expressed on monocytes in the bone-marrow, which facilitates their egress 

from the bone-marrow (Tsou et al, 2007). Mice lacking CCR2 or CCL2 are unable to effectively 

control Streptococcus pneumoniae, Klebsiella pneumoniae, and Mycobacterium tuberculosis 

infections, leading to elevated viral or bacterial loads (Winter et al, 2007; Xiong et al, 2015; 

Xiong et al, 2016). In models of SARS-CoV-2 and RSV, CCR2 deficiency also results in 

increased viral burden (Vanderheiden et al, 2021). Conversely post influenza infection and in 

bleomycin-induced lung fibrosis, CCR2-deficient mice show reduced influenza-induced lung 

damage and lung fibrosis respectively, highlighting the differential role of CCR2+ monocytes 

in both immune defense and promoting excessive lung pathology, depending on the initial 

infection or injury (Gibbons et al., 2011; Lin et al, 2008).   

1.2.7 Function and fate of monocyte-derived alveolar macrophages  

Monocyte-derived alveolar macrophages (Mo-AMs), also named as recruited alveolar 

macrophages (RecAMs) or transient macrophages (TransMacs) (Aegerter et al., 2022; Li et 

al., 2022), exhibit distinct transcriptional, epigenetic, and functional properties compared to 

fetal derived TR-AMs. Mo-AMs share surface markers such as CD11c and CD64 with TR-AMs 

but express slightly lower levels of SiglecF (Bain & Macdonald, 2022), adopting an increasingly 

similar TR-AM like profile over time (Thesis Figure 12). 
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phenotype is also seen post severe COVID infection (Chen et al., 2022b; Wendisch et al., 

2021). This illustrates that the differentiation and function of Mo-AMs are context-dependent, 

shaped by the local inflammatory and repair signals they receive upon recruitment (Thesis 

Figure 13). 

Fate and differentiation of Mo-AMs  

The differentiation and fate of Mo-AMs are determined by a complex interplay between their 

monocyte origin and the local microenvironment of the lung  Mo-AMs have been shown to 

outcompete TR-AMs (remaining fetal-derived TR-AMs post insult) in repopulating the AM 

niche and display an increased responsiveness to the inflammatory lung environment (Li et 

al., 2022). While macrophages are generally considered to exhibit phenotypic and functional 

plasticity, TR-AMs display limited plasticity in comparison to (van de Laar et al., 2016), Mo-

AMs derived from bone marrow precursors, which exhibit greater flexibility and 

immunoreactivity. This has been attributed to long-term residence in the lung 

microenvironment which constricts plasticity, conferring a homeostatic low-reactive phenotype 

instead to TR-AMs (Roquilly et al, 2020). Therefore, while Mo-AMs, due to their recent 

monocytic origin exhibit a high degree of immunoreactivity and adaptability of various functions 

and form in the lung, with time and residence in the lung, they too gradually adopt a low-

reactive steady-state phenotype akin to TR-AMs (Kulikauskaite & Wack, 2020). This shows 

that while cell ontogeny determines initial reactivity and plasticity, tissue imprinting eventually 

shapes the long-term phenotype of Mo-AMs, with adoptive transfer experiments providing 

evidence that the tissue environment can imprint and determine the phenotype of 

macrophages from different precursors.  

When infiltrating monocytes recruited during an inflammatory event differentiate into Mo-AMs, 

these Mo-AMs initially retain their monocyte-derived epigenetic profile, with open ‘ready-to-go’ 

chromatin states, which supports their enhanced sensitivity to environmental signals 

(Kulikauskaite & Wack, 2020). This allows Mo-AMs to rapidly respond to respiratory insults, 

contributing to their heightened pro-inflammatory capacity. For instance, in response to 

influenza-A virus, Mo-AMs produce higher levels of TNF-α, inducible nitric oxide synthase 

(iNOS)-derived NO, and IFN-β, which can promote alveolar damage (Herold et al, 2011; 

Herold et al, 2008). This heightened inflammatory state can shift over time; in low-grade sterile 

injury models, Mo-AMs may transition from a pro-inflammatory to an anti-inflammatory 

phenotype within days, supporting cell proliferation and tissue repair and adopt a more tissue-

resident like phenotype (Pervizaj-Oruqaj et al, 2024b). This transition is also seen in models 

of bleomycin-induced lung injury and house dust mite-induced asthma, where Mo-AMs begin 

to adopt a phenotype similar to homeostatic TR-AMs as they settle into the lung environment 
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if resolution occurs, or often become pro-fibrotic if inflammation persists and appropriate 

resolution does not ensue (Loos et al, 2023; McQuattie-Pimentel et al, 2021; Misharin et al., 

2017) – Thesis Figure 13. The microenvironment plays a critical role in driving this functional 

trajectory of Mo-AMs. Signals from the alveolar epithelium, cytokines, and damage-associated 

molecular patterns (DAMPs) influence Mo-AM differentiation and activity, particularly during 

and post inflammation (Joshi et al, 2020; Loos et al., 2023; Watanabe et al, 2021). Metabolic 

factors further shape Mo-AM function (Pervizaj-Oruqaj et al, 2024a); glycolysis, a key 

metabolic pathway, has been shown to influence macrophage polarization. Lactate, a 

byproduct of glycolysis, can modify histone proteins through lactylation, impacting gene 

expression and promoting a shift from pro-inflammatory to homeostatic functions over time 

(Zhang et al, 2019). This "lactate clock" mechanism ensures that macrophages eventually 

adopt a tissue-resolving phenotype, aligning with the low-glucose conditions found in the 

recovering lung (Woods et al, 2020). During acute inflammation, such as influenza infection or 

lung injury, Mo-AMs initially benefit from increased glucose availability, which supports 

glycolysis and sustained histone lactylation. This metabolic state facilitates a robust pro-

inflammatory response but is gradually downregulated as glucose availability becomes scarce 

during recovery (Ogger & Byrne, 2021). The reduction of glycolysis and the cessation of 

glycolysis-driven histone modifications may contribute to the establishment of a less reactive, 

long-term homeostatic phenotype (Svedberg et al, 2019; Wculek et al, 2023). These 

metabolism-driven epigenetic modifications may be crucial for the functional adaptation of Mo-

AMs as they transition to TR-AM-like cells (Pervizaj-Oruqaj et al., 2024a). Therefore, while the 

origin of macrophages plays a role in defining their initial responsiveness, the signals 

encountered during differentiation, including metabolic cues, cytokines, cell-cell interactions 

and environmental factors significantly shape the long-term function of Mo-AMs. Determining 

the extent to which both ontogeny and cell intrinsic mechanisms and the extrinsic tissue 

imprinting of the microenvironment determine phenotype and function of lung macrophages in 

different respiratory pathologies remains an important area of research (Pervizaj-Oruqaj et al., 

2024a). 





 

39 

inflammatory, pro-repair phenotype (Loos et al., 2023; Minutti et al., 2017). IL-33 receptor 

positive (ST2+) Mo-AMs, respond to IL-33 which is derived from epithelial cells and adopt an 

alternatively activated state. IL-13 then further drives Mo-AM maturation, promoting tissue 

regeneration (Dagher et al, 2020). A key feature of macrophage-mediated repair is their ability 

to interact with epithelial cells to coordinate wound healing. Early pro-inflammatory signals, 

such as TNF-α from recruited macrophages, can induce AECs to produce GM-CSF, 

reinforcing epithelial proliferation (Cakarova et al., 2009). Mo-AMs also transition to pro-repair 

phenotypes marked by the production of growth factors essential for restoring vascular and 

epithelial integrity (Pervizaj-Oruqaj et al., 2024a). In the context of severe lung injuries, such 

as those caused by viral infections, the IFN-dependent TRAIL pathway can induce apoptosis 

of infected and bystander AT1s, complicating the repair process (Herold et al., 2008). 

However, macrophages can counteract these effects by expressing amphiregulin, which then 

induces TGF-β activation in pericytes to support vascular repair (Minutti et al., 2019). Mo-AMs 

initially recruited during acute inflammation often display a pro-inflammatory profile, producing 

cytokines such as TNF-α and IL-1β. However, these cells gradually shift to a reparative state 

through metabolic and epigenetic modifications, such as lactate-driven histone acetylation 

which then induces the expression of genes promoting tissue homeostasis (Herold et al., 

2011). In human acute lung injury, this shift helps achieve resolution without fibrosis, as 

macrophages facilitate the timely clearance of apoptotic cells and secrete anti-inflammatory 

cytokines like IL-10 (Chung et al, 2007; Grabiec & Hussell, 2016). 

When lung injury leads to prolonged or dysregulated repair, this can result in the development 

of fibrosis (Wynn & Vannella, 2016). Lung macrophages, particularly Mo-AMs, play a pivotal 

role in driving fibrosis (Joshi et al., 2020; Misharin et al., 2017) and activating fibroblasts. These 

recruited macrophages often differentiate into profibrotic phenotypes under the influence of 

local signals such as TGF-β, IL-4, IL-13, and IL-33, IL-17 as well as chemokines like CCL2 

and CXCL12. CCR2+ monocytes are typically the precursors of profibrotic Mo-AMs, which 

then differentiate into and are maintained as Mo-AMs, through signaling pathways involving 

M-CSF and GM-CSF (Fabre et al., 2023; Gibbons et al., 2011; Joshi et al., 2020). In both 

animal models and human fibrosis studies, including idiopathic pulmonary fibrosis (IPF) and 

COVID-19-associated lung injury, these macrophages have been identified as key players in 

this fibrotic process. (Aran et al, 2019; Bailey et al., 2024; Bhattacharyya et al, 2022; Chen et 

al., 2022b; Fabre et al., 2023). Furthermore, a macrophage subset, expressing CX3CR1 and 

moderate levels SiglecF, indicating a transitional state between Mo-AM and bona fide TR-AMs 

was found to localize around fibrotic niches and promotes fibrosis (Aran et al., 2019). Human 

studies have confirmed that these transitional macrophages show upregulated gene 

expression in idiopathic pulmonary fibrosis (IPF) and share conserved features across organs 
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(Fabre et al., 2023).  Interstitial macrophage subsets which have been identified across tissues 

such as the lung, fat, heart, and skin include LYVE1loMHCIIhiCX3CR1hi and 

LYVE1hiMHCIIloCX3CR1lo populations. The LYVE1hiMHCIIloCX3CR1hl subset has been shown 

to have a protective role by mitigating fibrosis progression in mouse models (Chakarov et al., 

2019). In COVID-19, pro-fibrotic Mo-AMs in bronchoalveolar lavage (BAL) fluid expressed 

markers such as CD163, CD206, Lyve1 which are also associated with IMs and fibrosis-

associated genes like TGF-β and legumain, suggesting the possibility of monocytes 

differentiating into an IM-like state before entering the alveoli and becoming pro-fibrotic 

macrophages (Wendisch et al., 2021). 

Fibrosis-associated AMs and Mo-AMs express high levels of profibrotic mediators such as 

TGF-β, PDGF, osteopontin (SPP1), and YKL-40 (CHI3L1), which can activate myofibroblasts 

and promote collagen production, a signature also found in human studies (Reyfman et al, 

2019). The presence of macrophages producing osteopontin (SPP1) and MMP9 has been 

observed in the lungs of IPF patients, indicating their direct involvement in the remodeling of 

lung tissue (Morse et al, 2019). These cells fuel a fibrotic environment by interacting with 

transitional AECs (alveolar differentiation intermediates) that express high levels of keratin 8 

(KRT8) and CCL2, forming a feedback loop that in turn recruits and activates more Mo-AMs 

(Strunz et al., 2020) and preventing effective lung regeneration. Fibrosis is further exacerbated 

by macrophages' metabolic adaptations. Increased glycolysis in Mo-AMs supports ROS 

production and enhances their fibrotic potential via the IL-1β–HIF-1α axis, whereas blockade 

of HIF1-a in alveolar macrophages prevents fibrosis formation by decreasing levels TGF-Β1 

secretion (Ueno et al., 2011). In contrast, defects in the itaconate pathway, which has been 

shown to have antifibrotic properties in lung macrophages, can exacerbate fibrogenesis 

(Ogger et al., 2020). The regulation of these metabolic pathways underscores the complex 

nature of macrophage-mediated fibrosis, where both pro-resolving and pro-fibrotic roles 

coexist depending on the context and the balance of local lung signals (Ogger & Byrne, 2021). 

Genetic studies have highlighted the role of transcription factors such as C/EBPβ and EGR2 

in the differentiation and function of profibrotic Mo-AMs. For example, deletion of C/EBPβ 

reduced bleomycin-induced fibrosis in mice by limiting monocyte-to-macrophage 

differentiation (Satoh et al., 2017).Conversely, EGR2 was shown to be essential for the 

transition of recruited Mo-AMs to a pro-resolution phenotype during fibrosis regression 

(McCowan et al, 2021). The loss of these transcriptional regulators can shift the macrophage 

response from fibrotic to reparative, illustrating potential therapeutic targets for modulating 

macrophage behavior in fibrotic lung diseases.  Human data also point to the therapeutic 

potential of targeting macrophage-associated pathways. For instance, inhibition of M-CSF 

signaling, and the use of TGF-β1-siRNA encapsulated in mannosylated nanoparticles have 
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shown promise in reducing fibrosis severity (Singh et al, 2022). Additionally, folate-linked TLR7 

agonists have been developed to reprogram pro-fibrotic macrophages into anti-fibrotic 

phenotypes, effectively reducing pro-fibrotic cytokine production and collagen deposition in 

mouse models (Zhang et al, 2020). In conclusion, while lung macrophages play essential roles 

in injury repair, their maladaptive responses can drive fibrotic processes when repair 

mechanisms become chronic or dysregulated. The intricate balance between pro-repair and 

pro-fibrotic activities highlights the need for targeted therapies that modulate macrophage 

behavior to promote resolution and prevent fibrosis (Wynn & Vannella, 2016). 

1.2.9 The alveolar macrophage compartment evolves over time and age 

Fetal derived alveolar macrophages seed the lung early during embryonic development and 

self-renew under homeostatic conditions. However, aging profoundly impacts their phenotype 

and function. Studies in aged mice have shown that aging AMs display an inflammatory profile, 

with upregulated expression of pro-inflammatory cytokines such as IL-6, IL-1β, and TNF-α 

(Boe et al, 2022; McQuattie-Pimentel et al., 2021). These changes often coincide with 

downregulated PPARγ signaling, contributing to an altered, inflammation-prone environment 

(Angelidis et al, 2019). Aged AM’s display a reduced phagocytic and efferocytic capacity which 

then contributes to furthering this inflammatory state, resulting in a diminished ability to clear 

apoptotic cells and mitigate inflammation effectively (Wong et al, 2017). In aged mouse lungs, 

AMs exhibit significant transcriptional changes, including reduced expression of cell cycle 

genes and markers of proliferation, such as Ki67 (McQuattie-Pimentel et al., 2021). Similar 

age-related changes in have also been observed in humans, with AMs derived from elderly 

individuals also showing reduced expression of cell adhesion and proliferation markers and a 

pro-inflammatory shift, characterized by increased production of TNF-α and IL-6 (Duong et al, 

2021).These findings suggest that, with age, AMs become less effective in their regulatory and 

reparative functions, contributing to an increased susceptibility to respiratory infections and 

chronic lung conditions. The aging pulmonary environment has a significant impact on the 

function and phenotype of lung macrophages. When aged AMs were transferred into young 

mice, they displayed a young phenotype. In-vivo intratracheal GM-CSF administration to 

young and aged mice resulted in an increased AM proliferation in young mice and this 

response was absent in aged mice, and aged AMs did not upregulate cell-cycle genes 

(McQuattie-Pimentel et al., 2021). However, they found no differences in GM-CSFR or 

signaling in aged AMs in comparison to young AMs. Instead, they found that aged lungs had 

increased levels of hyaluronan in the alveolar lining fluid, which then contributed to reduced 

proliferation of bone marrow-derived macrophages in response to GM-CSF when cultured on 

extracellular matrix proteins (McQuattie-Pimentel et al., 2021). As the lung experiences 

repeated environmental challenges—such as viral infections, pollution, and cigarette smoke—
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over a lifespan, the balance between tissue-resident AMs and recruited Mo-AMs shifts 

(Morales-Nebreda et al., 2015). Studies using genetic lineage tracing in Ms4a3Cre-RosaTdT 

mice have shown that while blood monocytes are efficiently labeled from birth, tissue-resident 

macrophages (RTMs), including AMs, gradually show increased tdTomato labeling with age, 

indicating a shift towards bone marrow-derived cell replacement. By 36 months, AMs in the 

lungs are largely replaced by monocyte-derived alveolar macrophages (Mo-AMs) from the 

bone marrow, demonstrating a notable shift in the composition of the macrophage population 

over time (Liu et al., 2019) (Thesis Figure 14).  

 

Thesis Figure 14: The ontogeny of lung macrophages over life.  
Fetal derived macrophages seed the lungs early in life and maintain homeostasis. With every 
inflammatory exacerbation, Mo-AMs from the bone marrow infilitrate leading to a heterogenous 
ontogeny in the lungs. With age, there is increasing replacement and dysfunction in the alveolar 

macrophage compartment. Illustration modified from (Mass et al, 2023) 
 
 
As lung macrophages evolve over time and with age, many open questions remain about how 

these changes influence repair and lung fibrosis. In humans, acute and chronic lung diseases 

such COVID-19 and IPF disproportionately affect older individuals and are associated with the 

progressive recruitment and persistence of monocyte-derived alveolar macrophages (Mo-

AMs) with pro-inflammatory and fibrotic profiles (Bailey et al., 2024). Studies suggest that the 

continual replacement of tissue-resident AMs by Mo-AMs may contribute to age-related 

changes in lung health, highlighting the role of macrophage ontogeny and the reshaping of the 
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lung macrophage compartment during lung health and aging (Aegerter et al., 2022; Guilliams 

et al, 2020). 

Age is the strongest risk factor for lung fibrosis, yet the mechanisms driving this susceptibility 

remain incompletely understood. Aging affects multiple biological processes and in the final 

section of the introduction, we will explore some of these fundamental aspects of aging biology 

and provide an overview of what is currently known about the role of aging in lung fibrosis.  
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1.3 Mechanisms of aging  

Homeostatic regeneration and repair are fundamental biological processes crucial for 

sustaining life and ensuring the maintenance of tissue integrity (McKinley et al, 2023). Aging 

represents a significant breakdown in these vital processes, ultimately compromising organ 

function (López-Otín et al., 2023). Aging stands as the dominant risk factor for the 

development of many chronic diseases associated with mortality in adults. By 2050, the global 

demographic is projected to shift, with adults over the age of 65 accounting for 20% of the 

population, i.e over 2 billion individuals -a three-fold increase (Dzau et al, 2019). Given that 

aging is associated with increased vulnerability to conditions such as cancer, cardiovascular 

disease, respiratory illnesses, and dementia, this population shift calls for pressing healthcare 

and socioeconomic solutions (Kennedy et al, 2014).  

1.3.1 Hallmarks of aging 

Aging can be defined (at least in a mechanistic sense) as a progressive decline of 

physiological processes over time, that occurs at the organ, tissue, cellular and molecular 

levels. This decline leads to the loss of tissue integrity and function, resulting in a breakdown 

of homeostasis and health, ultimately culminating in an increased vulnerability to death 

(Kinzina et al, 2019; López-Otín et al, 2013). In the past decade, a significant effort has been 

made to identify and categorize the molecular and cellular changes that drive aging, which are 

now recognized as the ‘hallmarks of aging’, first defined by López-Otin in 2013 and updated 

in 2023 (López-Otín et al., 2013, 2023) (Thesis Figure 15). These hallmarks of aging are 

identified based on their progressive development with time and age, their capacity to intensify 

aging when exacerbated experimentally, and their potential to be slowed down, stopped, or 

reversed through targeted therapeutic interventions. The hallmarks of aging encompass 

molecular, cellular, and systemic features: genomic instability, telomere shortening, epigenetic 

changes, impaired proteostasis, disrupted macroautophagy, alterations in nutrient-sensing, 

mitochondrial dysfunction, cellular aging (senescence), stem cell dysfunction, altered cell-to-

cell communication, chronic inflammation (inflammaging) (Franceschi et al, 2000), and 

dysbiosis. Each hallmark influences the other further, highlighting the complex and systemic 

nature of the aging process.(López-Otín et al., 2013, 2023).  
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Thesis Figure 15: Hallmarks of aging 

Aging manifests because of 12 key processes that have been categorized as the hallmarks of aging. 
Illustration from (López-Otín et al., 2023) 

 

1.3.2 Chronic inflammation and inflammaging 

With age there is a systemic elevation of low-grade, unresolved inflammation that occurs in 

the absence of pathogens or acute injury, a phenomenon known as inflammaging 

(Franceschi et al., 2000). Inflammaging is characterized by a marked increase in the levels of 

pro-inflammatory cytokines and factors such as IL-1β, IL-6, IL-8, and TNF-α, C reactive protein 

(CRP), serum amyloid A and fibrinogen and the chronic activation of the innate immune 

system (Bruunsgaard et al, 2003; Cesari et al, 2004; Cohen et al, 1997; Ferrucci et al, 2010; 

Gerli et al, 2001; Newman et al, 2016) (Thesis Figure 16). This elevated production of pro-

inflammatory factors found in the blood and tissues is a biomarker of advancing age and is a 

strong predictor of chronic disease, cognitive decline, frailty and death (Dugan et al, 2023; 

Ferrucci & Fabbri, 2018). Inflammaging therefore is a key hallmark of human aging (López-

Otín et al., 2023) and determines how effectively the immune system can respond to infections 

and vaccinations (Mogilenko et al, 2021). Although inflammatory activity is heightened, the 
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immune response itself becomes ineffective and has a suppressed capacity of mounting an 

effective immune response to pathogens and newly encountered antigens (Ferrucci & Fabbri, 

2018; Mittelbrunn & Kroemer, 2021). Due to its systemic impact, inflammaging, is often 

associated with multimorbidity in elderly individuals, influencing and potentiating the onset of 

a number of diseases including cardiovascular diseases, cancer, osteoporosis, dementia etc. 

(Furman et al, 2019). Inflammaging derives from the cellular and molecular damage from all 

the other hallmarks that cumulatively typify aging (López-Otín et al., 2023). For instance, 

genomic instability induces inflammatory responses as nuclear and mitochondrial DNA enter 

the cytosol and activate DNA sensors. Subsequently when autophagy fails to clear this 

misplaced DNA effectively, it further exacerbates inflammation (Miller et al, 2021). Genomic 

instability also contributes to clonal hematopoiesis of indeterminate potential (CHIP), an age-

associated expansion of hematopoietic stem cell clones, particularly myeloid cells with pro-

inflammatory profile (Jaiswal et al, 2017). Increased cellular senescence, another key feature 

of aging is the accumulation of non-dividing cells in tissues as they age, particularly affecting 

fibroblasts and immune cells (Gorgoulis et al, 2019). It is often triggered by DNA damage, 

telomere shortening, oxidative stress, and infections (Blasco, 2005; Xu et al, 2022) and is a 

cardinal signature of chronic damage. Additionally, secondary or paracrine senescence can 

be induced by external inflammatory and fibrotic mediators such as CCL2, IL-1β, IL-6, IL-8, 

and TGF-β. Clearing of  senescent cells has been shown to extend both the health and lifespan 

in experimental models (murine, zebrafish) and current research is focused on exploring the 

therapeutic potential of senolytics in humans (Chaib et al, 2022). Under homeostatic conditions 

cellular senescence is an essential part of normal tissue repair mechanisms as well as serving 

as an evolutionary protective mechanism against cancer. It involves two main processes: 

initiating the senescent state and recruiting immune cells to clear these cells, aiding tissue 

regeneration. However, when these processes falter, as is observed with aging, the risk of 

disease development increases (Vicente et al, 2016). Cellular senescence is not merely a halt 

in cell proliferation; it is marked by the development of a complex and multifaceted phenotype 

known as the senescence-associated secretory phenotype (SASP) (Coppé et al, 2010) 

(Campisi & D'Adda Di Fagagna, 2007). A defining feature of SASP is the increased secretion 

of pro-inflammatory molecules, including cytokines, chemokines, proteases, and growth 

factors. This secretory profile contributes to inflammation within the tissue microenvironment 

and can have profound effects on both the cells themselves and the surrounding tissues 

(Suryadevara et al, 2024). SASP is considered to be a form of molecular inflammation that not 

only sustains the senescent state but also promotes paracrine senescence, immune 

modulation, and creates a pro-tumorigenic environment (Campisi, 2013; Coppé et al., 2010). 

While the immune system plays a crucial role in identifying and clearing senescent cells, it can 

be adversely affected by prolonged exposure to SASP itself (Ovadya et al, 2018). This results 
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in immunosenescence, a state in which immune function is impaired thereby diminishing the 

body’s ability to respond effectively to infections and diseases (Fulop et al, 2018). The 

accumulation of senescent cells and the persistent secretion of SASP promote a cycle of 

inflammation and tissue damage, which in turn accelerates aging and the progression of age-

related disorders (Ovadya et al., 2018). Overall, SASP is a key feature of inflammaging and 

its impact on immune function, tissue health, and systemic inflammation underscore its role in 

driving age-related pathologies (Franceschi & Campisi, 2014; Furman et al., 2019). Therefore 

mitigating the detrimental effects of SASP is said to be a critical therapeutic avenue aimed at 

reducing chronic inflammation and improving health in older adults (Campisi et al, 2019).  At 

a macro-level, a lifetime of exposure to antigenic challenges, oxidative stress, imbalances in 

gut microbiota, onslaught of injuries and infection -compounded with varying lifestyle factors 

such as high-fat diets, increased central adipose accumulation etc – cumulatively contribute 

to increased systemic inflammation (López-Otín et al., 2023). Within tissues, over time, foreign 

pathogens, the accumulation of cellular debris, and damage-associated molecular patterns 

(DAMPs) from dying further increase the pro-inflammatory milieu. This leads to sustained 

recognition by and activation of TLRs leading to heightened inflammatory responses, innate 

immune memory, or trained immunity of innate immune cells eventually culminating in aberrant 

and heightened responses to subsequent insult over time. With age there is an increase in 

hyperinflammatory monocytes that release excess amounts of TNFα, IL-1β, and IL-6 under 

basal conditions, a decrease in the number of NK cells as well as an accumulation of 

differentiated memory T cells that secrete various pro-inflammatory cytokines (Krishnarajah et 

al, 2021; Mittelbrunn & Kroemer, 2021). The aging of hematopoietic stem cells (HSCs) is 

central to the process of immunosenescence, where the immune system's efficiency 

diminishes over time. As HSCs age, they produce increasingly dysfunctional immune cells, 

driving the progression of Immunosenescence (Nogalska et al, 2024). This process is further 

accelerated by chronic inflammation, which reduces the self-renewal capacity of HSCs and 

hastens their decline. Studies in mice have shown that exposure to inflammatory signals 

during early and mid-life can lead to age-associated changes in hematopoiesis. These include 

reduced blood cell counts, bone marrow cytopenia, and the accumulation of adipocytes in the 

bone marrow—key features of aging-related hematopoietic decline (Bogeska et al, 2022). 
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through distinct waves that transition from primitive to definitive hematopoiesis (Cumano & 

Godin, 2007) The initial wave or primitive hematopoiesis is a transient phase that takes place 

in the yolk sac and produces blood cells that are needed for early embryonic development and 

tissue oxygenation (Palis & Yoder, 2001). This is then followed by a subsequent wave, known 

as definitive hematopoiesis which takes place in the aorta–gonad–mesonephros (AGM) region 

(an area surrounding the dorsal aorta). It is during definitive hematopoiesis where the long-

term pool of HSCs that persist throughout life is established. Here, adult-like hematopoietic 

stem cells (HSCs) emerge from the hemogenic endothelium of the AGM (Medvinsky & 

Dzierzak, 1996). These HSC then migrate to the fetal liver (FL), where they expand and mature 

before finally homing to the bone marrow (BM) (Cumano & Godin, 2007; Johnson & Moore, 

1975). The bone marrow then becomes the primary residence of HSC in postnatal life and 

adulthood from where all blood and mature immune cells that are needed by all organ systems 

are produced throughout life (Orkin & Zon, 2008). Each of these waves of development are 

facilitated by distinct microenvironments or niches that provide cues guiding HSC 

development, proliferation, migration and multi-lineage differentiation (Dzierzak & Speck, 

2008).  

HSCs sit atop the hematopoietic hierarchy and generate all blood cell lineages which include 

the erythroid lineage which gives rise to erythrocytes (red blood cells), the megakaryocytic 

lineage (megakaryocytes and platelets) and the myeloid and lymphoid lineages which 

differentiate into all other immune cells of the innate and adaptive immune systems (Orkin & 

Zon, 2008) (Thesis Figure 17). In the bone marrow niche, most HSCs remain in a quiescent 

state and periodically divide to self-renew and produce multipotent and lineage restricted 

progenitors (MPPs) which act as an intermediate stage before producing lineage-committed 

mature cells (Wilson et al, 2008). The HSC compartment is identified by cells that express the 

Linneg Sca-1+ c-Kit+ (LSK) markers (Morrison & Weissman, 1994). The most primitive - the 

long-term HSCs (LT-HSCs), which possess robust self-renewal, totipotent and long-term 

reconstitution abilities, are identified within subsets expressing CD34–,( as well as CD38+ in 

humans), or low levels of Thy1.1 (Morita et al, 2010; Osawa et al, 1996). Short-term HSCs 

(ST-HSCs) and multipotent progenitors (MPPs), distinguished by CD34+ (and CD38–  in 

humans)  markers, are capable of only transient reconstitution (Yang et al, 2005). The exact 

demarcations between ST-HSCs and MPPs are less distinct (Purton, 2022). Although MPPs 

maintain multipotency, they do exhibit lineage biases with transcriptional signatures similar to 

those of their progeny. MPP2 cells are biased toward megakaryocyte–erythroid differentiation, 

MPP3 toward myeloid differentiation, and MPP4 toward lymphoid differentiation (Eric et al, 

2015; Eric M. Pietras, 2015; Swann et al., 2024). LT-HSCs differentiate through a series of 

progenitor stages, each step narrowing their multipotency until they give rise to functional 
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mature blood cell types (Dzierzak & Speck, 2008). HSCs in mice give rise to two main types 

of lineage-restricted progenitors: common myeloid progenitors (CMPs) (Akashi et al, 2000) 

and common lymphocyte progenitors (CLPs) (Kondo et al, 1997). CMPs further develop into 

specialized progenitors including granulocyte-macrophage progenitors (GMPs) and 

megakaryocyte/erythroid progenitors (MEPs) (Iwasaki & Akashi, 2007). MEPs contribute to 

the production of cells essential for critical physiological functions such as oxygen transport 

(erythrocytes) and blood clotting (platelets from megakaryocytes) (Sanada et al, 2016). GMPs 

give rise to various myeloid cells such as neutrophils, monocytes, eosinophils, basophils, and 

dendritic cells. The myeloid lineage plays a vital role in maintaining fundamental physiological 

processes and responding quickly to pathogens to initiate immune defenses and promotes 

tissue repair (Hoeffel et al., 2015; Iwasaki & Akashi, 2007). CLPs give rise to lymphoid cells, 

including T cells, B cells, natural killer (NK) cells and innate-lymphoid cells (ILCs) ensures a 

targeted immune response, offering long-term protection against specific pathogens 

(Karsunky et al, 2008; Kondo et al., 1997).  

Age-associated alterations in hematopoiesis 

Aging of the hematopoietic system is closely tied to reduced immune system function, a higher 

prevalence of anemia, an increased proportion of myeloid cells, and a greater risk of 

hematological disorders (Montecino-Rodriguez et al, 2013). 

Expansion of HSC Numbers with a Reduced Regenerative capacity with age: Aging leads to 

many notable changes in the HSCs themselves (Dorshkind et al, 2020). With age there is an 

exponential expansion in the numbers of HSCs from two to almost ten-fold as compared to 

young individuals. However, these HSCs display a significantly reduced long-term-renewal 

capacity (Dykstra et al, 2011). This suggests that although there is a dramatic increase in 

numbers, the reduced function and quality ultimately leads to a reduction in regenerative 

potential and function of the hematopoietic system over time (Rossi et al, 2005) While the 

exact mechanisms behind this age-related increase in HSCs numbers are still unclear, cell-

intrinsic changes such as altered symmetrical or clonal self-renewal, reduced response to 

extrinsic cues and an altered bone-marrow niche and microenvironment all likely contribute 

(Kuribayashi et al, 2021; Latchney & Calvi, 2017) . 

Skewed Differentiation and Myeloid Bias: The composition of the HSC pool also shifts with 

age (Thesis Figure 17). There is an increased number of myeloid-biased HSC clones, while 

balanced and lymphoid-biased HSCs become less prevalent (Nishi et al, 2019). One of the 

most pronounced characteristics of aging HSCs is the shift in their differentiation potential, 

leading to a myeloid bias i.e an increased production of myeloid lineage cells while the output 

of lymphoid and erythroid cells declines (Pang et al, 2011). Such changes in lineage 
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specification begin at early stages of hematopoiesis, where aged HSCs show a greater 

tendency to generate common myeloid progenitors (CMPs) over common lymphoid 

progenitors (CLPs) (Muller-Sieburg et al, 2004). Clonal analyses reveal that aged myeloid-

biased HSCs not only increase in number but also exhibit reduced proliferative capacity and 

compromised functional quality (Yamamoto & Nakauchi, 2020; Yamamoto et al, 2018). 

Studies have demonstrated that aged HSCs upregulate myeloid-specific genes, such as 

RUNX1, and downregulate lymphoid-specific genes, reinforcing their tendency toward myeloid 

lineage commitment (Rossi et al., 2005). This imbalance impacts the immune system, as the 

diminished production of lymphoid cells compromises adaptive immunity, contributing to 

immunosenescence. Elderly individuals consequently experience a higher susceptibility to 

infections, reduced vaccine efficacy, and a greater risk of myeloid malignancies (Hou et al, 

2024; Krishnarajah et al., 2021). Additionally, aged HSCs often express higher levels of pro-

inflammatory molecules and interaction markers such as P-selectin and ICAM1, indicating a 

shift toward a pro-inflammatory state that supports myeloid differentiation (Chambers et al, 

2007). 

HSCs accumulate mutations over time, which can result in a significant proportion of blood 

cells originating from a single dominant HSC lineage. This phenomenon, known as clonal 

hematopoiesis, is linked to a higher risk of developing hematologic cancers and cardiovascular 

diseases (Jaiswal & Ebert, 2019; Jaiswal et al., 2017).  The reduced function of aged HSCs is 

influenced by several intrinsic changes, including accumulated DNA damage, impaired DNA 

repair mechanisms, increased reactive oxygen species, and altered cell polarity (Mejia-

Ramirez & Florian, 2020). Epigenetic alterations are a hallmark of aging HSCs, characterized 

by hypermethylation of differentiation-associated genes and hypomethylation at loci related to 

self-renewal, along with changes in histone marks. These molecular modifications contribute 

to both diminished regenerative capacity and altered differentiation patterns (Beerman et al, 

2013; Sun et al, 2014). While intrinsic mechanisms are central to HSC aging, extrinsic factors, 

such as changes in the bone marrow niche and systemic signaling, also play significant roles. 

Studies have shown that the aging process impacts HSC–niche interactions, with aged niches 

potentially supporting myeloid-skewed hematopoiesis due to altered signaling and structural 

changes (Latchney & Calvi, 2017; Sanmiguel et al, 2020). Chronic low-grade inflammation, 

continuous exposure to immune challenges such as lipopolysaccharides, and altered 

chemokine profiles (e.g., CCL5) influence HSC behavior and may reinforce the age-associated 

myeloid bias (Kovtonyuk et al, 2016). Understanding these age-associated changes in HSCs 

and their impact on the hematopoietic and immune systems is crucial for developing 

therapeutic strategies aimed at maintaining or restoring HSC function and mitigating the 

consequences of aging on immune health.  
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(Van Der Poll & Opal, 2009; Williamson et al, 2020).  Alveoli, the key structures required for 

gas exchange in the lung, while remaining stable during adulthood, gradually begin to alter 

over time. With age, there is a decrease in alveolar density and total alveolar surface area, 

declining by 2.5m2 every decade (Miller, 2010). This is accompanied by an expansion of 

alveolar and duct size which alters the alveolar-capillary surface area (Quirk et al, 2016), 

leading to decreased surface tension and elastic recoil in the lungs. Consequently, this along 

with the loss of elastic fibers that support the alveoli, results in an increase in end-expiratory 

lung volume, i.e the amount of air left in the lungs after exhalation (Babb & Rodarte, 2000) and 

an increase in functional residual capacity .  

 

Thesis Figure 18: The aging lung 

Over time there are key structural and physiological changes that change the lung tissue that 

result in loss of elasticity, mucosal clearance and alveolar space. Illustration from (Schneider 
et al., 2021) 

 

Failed repair and increasing fibrosis in the aging lung 

Age is a key factor in the failure of alveolar repair and susceptibility to fibrosis in the lungs 

(Han et al., 2023). Aged mice show impaired regenerative responses compared to their 

younger counterparts and after bleomycin-induced injury, older mice develop more severe and 

persistent fibrosis (Watanabe et al., 2021). Similarly, there is increased mortality and they fail 
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to completely repair lung tissue following influenza-induced damage (Yin et al, 2014). Young 

After pneumonectomy (unilateral) young mice have the ability to regenerate lung tissue but 

this is lost with age and AT2 cells from older mice exhibit diminished regenerative capacity, 

forming fewer and smaller alveolar organoids in vitro compared to those from younger mice, 

emphasizing the decline in alveolar repair efficiency with age (Chen et al, 2021). Polyploidy, 

an intrinsic mechanism observed in differentiating AT2 cells, increases cell size by scaling with 

DNA content. While this may provide short-term benefits during acute injury by preserving 

barrier integrity, it reduces the proliferative potential of AT2 cells (Selmecki et al, 2015; Weng 

et al, 2022). Telomere shortening has been documented in healthy aged human lungs, though 

the specific cell types responsible remain unclear (Alder et al, 2015). Reduced mucociliary 

clearance in both the upper and lower airways compromises the lung’s defense mechanisms, 

contributing to chronic injury and repair deficits (Proença De Oliveira-Maul et al, 2013). Aged 

AT2 cells and fibroblasts show enhanced expression of genes associated with cholesterol 

biosynthesis, leading to lipid accumulation in epithelial cells and fibroblasts (Hecker et al, 2014; 

Kato et al., 2020). Moreover, the proportion of ciliated cells in the airway increases with age, 

altering the club-to-ciliated cell ratio, which may affect epithelial homeostasis and repair. Aging 

leads to a decline in lung stem cell function, with basal and club cells decreasing in number 

and AT2 cells showing reduced regenerative capacity despite stable numbers (Schneider et 

al., 2021). Factors such as oxidative stress, mitochondrial dysfunction, telomere shortening, 

and epigenetic changes contribute to this decline, impairing lung repair and promoting 

diseases like fibrosis and emphysema (Han et al., 2023). The exact interactions between 

epithelial, mesenchymal, and immune cells in aging remains unclear.  

Lung aging is also associated with aging of the immune cells in the lung, although their specific 

roles in lung fibrosis and how they impact disease progression remain less known (Schneider 

et al., 2021). With age, the lung immune system also undergoes several changes that impair 

its ability to respond to injury and infection. As described before, alveolar macrophages, show 

reduced efficiency in clearing pathogens and apoptotic cells (Boe et al., 2022), Neutrophils 

exhibit delayed apoptosis and prolonged tissue presence, leading to excessive tissue damage 

(Hazeldine et al, 2014; Kulkarni et al, 2019). Dendritic cells become less effective at antigen 

presentation, weakening adaptive immune responses and reducing the ability to mount 

effective immune defenses (Zhao et al, 2011). Aging also disrupts lymphocyte function—naïve 

T cell numbers decline, while memory T cells accumulate and adopt a more pro-inflammatory 

phenotype, contributing to chronic low-grade inflammation in the lungs (Jiang et al, 2011; 

Messaoudi et al, 2004). B cells show reduced diversity, limiting effective antibody responses, 

which further weakens immune surveillance (Frasca & Blomberg, 2009). Given these 
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widespread immune alterations, it is crucial to understand how aging shapes immune cell 

function in the context of chronic lung disease. 

While aging is the greatest risk factor for lung fibrosis, research so far has primarily focused 

on structural changes in the lung as the primary driver, whereas the impact of immune aging 

on fibrosis remains less understood and often considered a downstream response of tissue 

aging. Macrophages are key orchestrators of fibrosis, as we have described in this introduction 

(section 1), especially in the lungs, where monocyte-derived macrophages—replenished from 

the bone marrow—drive pathology (section 2). With each inflammatory event over time, these 

bone marrow-derived macrophages replace the resident population and contribute to fibrosis 

progression. However, if and how an aging bone marrow and hematopoietic system impacts 

lung macrophage fate, function and ultimately lung fibrosis remains unknown. Understanding 

whether age-related changes in the bone marrow contribute to macrophage-driven fibrosis will 

be critical to uncovering new mechanisms of disease progression (Thesis Figure 19). 

 

Thesis Figure 19: Aging in the lung tissue and hematopoietic system 

Age-associated changes in the lung tissue including epithelial dysfunction and fibroblast activation are 

known drivers of lung fibrosis. At the same time hematopoietic aging leads to myeloid skewing and a 

state of inflammaging. 
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Chapter 2 

Results 

In the following study, we investigated if an aging bone marrow independently influenced 

lung fibrosis. To study this, we set up a heterochronic bone marrow transplant model. Here 

we transplanted bone marrow cells from either young or aged donor mice into irradiated 

young recipient mice. Therefore, the recipients had a similar young lung tissue and structural 

cell compartment but either young or aged immune cells. We then used intratracheal 

bleomycin administration to induce severe lung injury and subsequent fibrosis in recipient 

mice. We assessed the development of fibrosis and disease progression between the 

groups. We then dissected the mechanisms of monocyte-derive alveolar macrophage (Mo-

AM) fate and phenotype in the lungs. In this study we found that the age of the bone marrow 

was sufficient to drive exacerbated lung fibrosis. Moreover, we found that aged Mo-AMs 

displayed an enhanced profibrotic and prolonged inflammatory profile in the lungs. Over 

time, they failed to transition into a homeostatic tissue-resident phenotype. Mechanistically, 

we found that hematopoietic aging led to a hampered resolution axis between Tregs and 

Mo-AMs in the lungs, leading to delayed Mo-AM maturation and exacerbated lung fibrosis.  
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ABSTRACT:  

Pulmonary fibrosis is an incurable disease that manifests with advanced age. Yet, how 

hematopoietic aging influences immune responses and fibrosis progression remains unclear. 

Using heterochronic bone marrow transplant mouse models, we found that an aged bone 

marrow exacerbates lung fibrosis irrespective of lung tissue age. Upon lung injury, there was 

an increased accumulation of monocyte-derived alveolar macrophages (Mo-AMs) driven by 

cell-intrinsic hematopoietic aging. These Mo-AMs exhibited an enhanced profibrotic profile 

and stalled maturation into a homeostatic, tissue-resident phenotype. This delay was shaped 

by cell-extrinsic environmental signals such as reduced pulmonary IL-10, perpetuating a 

profibrotic macrophage state. We identified regulatory T cells (Tregs) as critical providers of 

IL-10 upon lung injury that promote Mo-AM maturation and attenuate fibrosis progression. Our 

study highlights the impact of an aging bone marrow on lung immune regulation and identifies 

Treg-mediated IL-10 signaling as a promising target to mitigate fibrosis and promote tissue 

repair. 

One Sentence Summary:  

Hematopoietic aging drives lung fibrosis and profibrotic macrophage influx, stalling their 

maturation via reduced Treg-derived IL-10. 

 

INTRODUCTION 

With rising life expectancies and a growing aging population, understanding how advanced 

age leads to increased disease morbidity is an imminent public health concern (1). Aging is 

associated with enhanced vulnerability to chronic respiratory pathologies including Idiopathic 

Pulmonary Fibrosis (IPF) (2, 3). IPF is characterized by progressive and severe scarring of 

the lung tissue, ultimately leading to lung failure (4). While genetic predisposition and 

environmental triggers contribute to its etiology, advanced age is by far the most prevalent risk 

factor for onset of the disease (5). Age-related cellular senescence, aberrant epithelial 

activation, mitochondrial dysfunction, and impairments in immunity influence IPF disease 

progression (6-8). Repair and regeneration are vital for maintaining tissue integrity (9), with 

tissue-resident (TR-) alveolar macrophages (AMs) playing a key role in preserving lung 

homeostasis during early life. Homeostatic TR-AMs self-renew with minimal contribution from 

circulating monocytes (10, 11). Damage to the alveolar epithelium during severe lung 

inflammation, such as that caused by bleomycin injury, depletes TR-AMs and leads to 

monocyte recruitment from the bone marrow, which then differentiate into monocyte-derived 

AMs (Mo-AMs) (12-14). While Mo-AMs are beneficial during acute infections (12), their chronic 

presence contributes to pathologies like lung fibrosis (15-17) as they secrete profibrotic factors 
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which activate fibroblasts and sustain the fibrotic process (18, 19).  In the lungs, Mo-AMs 

undergo marked phenotypic and functional changes, eventually acquiring a phenotype similar 

to that of TR-AMs (20-22). The speed at which activated Mo-AMs transition into a less reactive 

TR-AM state contributes to disease outcome and the likelihood of restored lung homeostasis 

(23). 

While previous studies have comprehensively addressed the role of aging lung tissue (24) 

and shown that an increased susceptibility to lung fibrosis with age is associated with elevated 

Mo-AMs, these effects have been primarily attributed to impairments in epithelial cell 

proteostasis and differentiation (20, 25). How the aging bone marrow and derived 

hematopoietic immune cells (i.e., Mo-AMs) impact disease when recruited into a distant organ 

remains incompletely understood. An aging immune system is characterized by a state of low-

grade, systemic inflammation, termed inflammaging (26). Although aged hematopoietic stem 

cells display a reduced regenerative capacity, intrinsic changes in their differentiation potential 

and a higher propensity for myelopoiesis leads to an expansion of myeloid progenitors and 

mature cells at the expense of lymphopoiesis (27-30). This skewing contributes to an increase 

in myeloid-based malignancies with age, which coincides with impaired adaptive immunity. 

Such changes impair the immune system’s inability to mount an appropriate immune response 

or promote tissue integrity and repair (31). In this study, we asked whether immune cells 

derived from an aged bone marrow could influence inflammation and fibrosis in the lungs. We 

found that an aged bone marrow autonomously produced more profibrotic Mo-AMs, which 

propagated fibrosis development independent of pulmonary tissue age. In the lungs, these 

Mo-AMs were slower to adopt a homeostatic tissue-resident phenotype due to reduced 

availability of regulatory T cell (Treg)-derived IL-10, resulting in exacerbated lung fibrosis. 

RESULTS  

An aged bone marrow exacerbates bleomycin-induced lung fibrosis in mice. 

Age is a major risk factor for lung fibrosis, as seen in both humans and mice (2, 25). While 

dysregulation of the aging epithelia has been described as a prime driver of fibrosis severity, 

the potential contribution of an aged hematopoietic system remains unclear (25). We 

challenged young-adult (8-week-old) and aged (70-week-old) mice intratracheally (i.t) with 

bleomycin to induce fibrosis (Fig. 1A). Aged mice exhibited greater disease severity with 

sustained body weight loss, (Fig. 1B), enhanced collagen deposition (Fig. S1A), and 

increased pulmonary infiltration of myeloid cells, including monocyte-derived alveolar 

macrophages (Mo-AMs, SiglecFlo CD11bhi) (Fig. 1C and S1B, gating strategy S1C). Given 

this elevated influx of bone marrow-derived Mo-AMs in aged mice, we asked if this was driven 

by changes in the abundance of bone marrow progenitors, considering the age-associated 

myeloid bias that occurs in the hematopoietic progenitor niche (30). At baseline, aged mice 
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had elevated granulocyte-monocyte progenitors (GMPs), reduced common lymphoid 

progenitors (CLPs) in the bone marrow (Fig. S1D-G), and lower T and B cells in the blood 

(Fig. S1H). By day 7 post-bleomycin, aged mice exhibited a pronounced myeloid shift in the 

bone marrow, (Fig. 1D, S1I-J) and increased neutrophils and monocytes in the blood (Fig. 

S1K). We thus hypothesized that this myeloid skewing in the bone marrow of aged mice could 

contribute to enhanced recruitment of myeloid cells to the lung and influence the severity of 

lung fibrosis.  

To study the impact of an aging bone marrow independently of structural tissue age, we 

performed heterochronic bone marrow transplants in which young adult (8-week-old) recipient 

mice received bone marrow cells from either aged (70-week-old) mice or young adult (8-week-

old) controls (Fig. 1E). Two months post-transplantation, we treated mice with bleomycin and 

analyzed the lungs at seven days (D7, inflammatory phase) and 14 or 21 days (D14/D21, 

fibrotic phase) (15) post-challenge (Fig. 1E). Young recipient mice transplanted with aged 

bone marrow showed increased lethality at a dose of 1.5U/Kg (Fig. 1F) and consistently lost 

more body weight when treated with a lower bleomycin dose (1U/Kg) to ensure survival (Fig. 

1G) as compared to control mice that received bone marrow from young donors. Despite both 

groups having similar, young structural cells in the lungs, including collagen producing 

fibroblasts (32), reconstitution with aged bone marrow increased fibrotic burden. This was 

evidenced by increased lung collagen deposition (Fig. 1H) and elevated alpha-smooth muscle 

actin (α-SMA) expression, indicating enhanced myofibroblast activation (33) following 

bleomycin treatment (Fig. 1I). Exacerbated fibrosis in recipients of aged bone marrow was 

verified by histological scoring (Ashcroft score) and increased hydroxyproline levels in the lung 

tissue at D21 (peak fibrosis) (Fig. 1J, 1K) and was already evident by D14 (Fig. S2A, S2B). 

Pulmonary TGF-β levels (Fig. 1L) and fibrotic genes such as Actb, Arg1, Vegf and Col1a1 

were elevated by D21 (Fig. 1M). To test whether hematopoietic aging promoted fibrosis by 

enhancing lung injury in the early inflammatory phase post-bleomycin challenge (D7), we 

assessed the total protein concentration in the BALF (Fig. S2C) and the number of apoptotic 

lung cells (TUNEL+) but found no differences between the two recipient groups (Fig. S2D, 

S2E). Together, our data show that an aged bone marrow is sufficient to exacerbate the 

development of lung fibrosis, without altering the degree of bleomycin-induced lung injury.  
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Fig. 1. An aged bone marrow exacerbates lung fibrosis. 

(A) Experimental setup. (B to D): Bleomycin (1U/kg) was given to 8-week-old (8w) or 70-week-old (70w) 
C57BL/6J WT mice with end points taken seven (D7) or 14 days (D14) post challenge. (n = 5- 7 per 
group per time point; i.t – intratracheal). (B) Body weight curve showing percentage loss of initial body 
weight post bleomycin challenge. (C) Absolute numbers of monocyte-derived alveolar macrophages 
(Mo-AM) from the bronchoalveolar lavage fluid (BALF) on D7 post bleomycin challenge. Mo-AMs gated 
as SiglecFlo CD11bhi from CD64+ MerTK+ cells. (D) Hematopoietic stem cell progenitors in the bone 
marrow expressed as percentage of lineage-negative cells (lineage see Fig. S1D; (LSK – Sca1+ cKit+ 
cells; CLP – common lymphoid progenitor; GMP – granulocyte-monocyte progenitor; CMP- common 
myeloid progenitor; MEP – megakaryocyte-erythroid progenitor). (E) Experimental set up. (F to M): 
young (8w) C57BL/6J WT recipient mice were lethally irradiated and transplanted with bone marrow 
cells from young (8w) or aged (70w) donor mice (GFP+ bone marrow cells). 2 months post 
reconstitution, recipients were given bleomycin i.t.. (n = 5–10 per time point). (F) Survival curve until 
D21 post challenge (1.5 U/kg - high bleomycin dose). (G) Body weight curve until D21 (1 U/kg - low 
bleomycin dose). (H–I) Histological sections of left lung lobe (D21) post bleomycin/PBS. (H) Masson 
Trichrome staining for collagen deposition. (I) Alpha-smooth muscle actin (α-SMA) staining for activated 
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myofibroblasts. (J) Fibrosis quantified by a modified Ashcroft score of lung histology (D21). (K) 
Hydroxyproline quantification from lung tissue (D21). (L) ELISA of lung activated TGF-β (D21). (M) 
Gene expression analyzed by real-time qPCR from lung homogenates. CT values relative to Gapdh 

(2^-ddCT), shown as z-score per gene across both groups (n = 4 per group). Data are representative 
of two or three independent experiments. Symbols on bar graphs represent individual mice. For (B, G, 
J, K) two-way analysis of variance (ANOVA) with Tukey’s multiple comparison test was used, Student’s 
two tailed t test (C, L), multiple unpaired t-tests with Welch correction followed by Holm-Šídák test (D), 
survival curve (F) a Log-rank (Mantel-Cox) test, multiple-unpaired t-tests (M) was used. Error bars 
represent SEM or SD. *P ≤ 0.05; **P < 0.01; ***P < 0.001; ns: not significant.  

 

An aged bone marrow autonomously promotes enhanced monocyte-derived 

alveolar macrophage influx upon lung injury.  

Given the profibrotic role of bone marrow-derived Mo-AMs in the lungs (15), we assessed 

whether an aging bone marrow could impact Mo-AM accumulation upon bleomycin injury in 

mice. Although baseline levels remained similar (Fig. S3A), young recipients of aged bone 

marrow had increased myeloid progenitors (GMPs) and mature myeloid cells (monocytes and 

neutrophils) in the bone marrow after bleomycin challenge (Fig. 2A, S3B, S3C). This was 

accompanied by elevated numbers of Mo-AMs, monocytes (Fig. 2B), neutrophils and dendritic 

cells (Fig. S3D) in the bronchoalveolar lavage fluid (BALF) post-bleomycin, mirroring naturally 

aged animals. While most lung cell populations were efficiently reconstituted in both groups 

after transplantation (Fig. S3E, S3F), recipients of aged bone marrow had decreased numbers 

of TR-AMs (SiglecFhi CD11blo) in the BALF and lung at baseline (Fig. 2C, S3F).  

To determine if the increased Mo-AM influx in recipients of aged bone marrow resulted from 

enhanced availability of AM niche space, we shielded the thorax of young recipient mice during 

irradiation and transplanted GFP+ bone marrow cells from young or aged mice (Fig. 2D). 

There was minimal contribution of GFP+ donor cells in the lungs prior to fibrosis induction (Fig. 

S3G) and GFP+ SiglecFlo Mo-AMs infiltrated the lungs only once bleomycin was given (Fig. 

S3H). Shielded mice that received aged bone marrow still experienced greater body weight 

loss during the course of bleomycin challenge (Fig. 2E). Despite bearing lung-tissue resident 

immune cells of young host origin (GFP–) and displaying no deficit in the number of SiglecFhi 

TR-AMs at baseline (Fig. 2F, 2G), we observed an increased influx of GFP+ Mo-AMs (Fig. 

2F, 2H) and neutrophils (Fig. S3I) upon bleomycin challenge. We then investigated if young 

bone marrow could reduce Mo-AM influx in aged mice by transplanting young or aged bone 

marrow into irradiated aged mice (Fig. 2I). Despite the presence of aged lung tissue, young 

bone marrow protected aged mice from bleomycin-induced weight loss (Fig. 2J) and reduced 

Mo-AM (Fig. 2K), monocyte and neutrophil (Fig. S3J) numbers to levels comparable to young 

mice with young bone marrow at D7. Together, these data demonstrate that an aged bone 

marrow autonomously drives Mo-AM influx and is a key determinant of disease severity, 

irrespective of the age of the lung tissue or lung resident immune cells.  
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Fig. 2. An aged bone marrow autonomously promotes enhanced monocyte-derived alveolar 
macrophage influx upon lung injury.  
(A to C) Whole body irradiation (8w-old recipients) and bone marrow transplant with 8w or 70w donor 
cells, PBS/Bleomycin (i.t.) administered two months post-reconstitution; parameters assessed at D7 (n 
= 4–9/group). (A) GMP from the bone marrow expressed as percentage of lineage-negative cells. (B) 
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Absolute numbers of cells showing Mo-AMs (SiglecFlo CD11bhi) and inflammatory monocytes (Ly6Chi 
CD11b+) from the BALF. (C) Absolute numbers of TR-AMs (SiglecFhi CD11blo) from BALF. (D) 
Experimental set up (E to H). Young (8w) C57BL/6 WT recipient mice were irradiated with a lead shield 
placed over the thoracic cavity and transplanted with bone marrow cells from 8w or 70w donor mice 
(GFP+); 2 months post-reconstitution challenged with bleomycin. (n = 6–8/group with bleomycin; n = 
4/group at D0/baseline). (E) Body weight curve until D21. (F) Flow cytometry plots showing GFP+ and 
GFP- SiglecFhi TR-AMs and SiglecFlo MoAMs, respectively, in the BALF of 8w and 70w bone marrow 
recipients at D0 (baseline; top panel) and D7 (bottom panel). (G) Absolute numbers of TR-AMs (GFP– 

cells) and (H) Mo-AMs (GFP+ cells) from the BALF on D0 (baseline) and D7 (post bleomycin challenge). 
(I) Experimental setup for (J to K). Young (8-week-old) and aged (70-week-old) C57BL/6J WT recipient 
mice were irradiated and transplanted with 8w or 70w GFP+ bone marrow cells 2 months post-
reconstitution, recipients were administered bleomycin (i.t) (n = 5–7/group). (K) Body weight curve until 
D7. (L) Absolute numbers of Mo-AMs from whole lung tissue at D7. Data representative of three 
independent experiments (A-C) or two independent experiments (D-L). Symbols on bar graphs 
represent individual mice. Flow cytometry plots and histological sections are representative of each 
group. For (A), Student’s two tailed t test, (B-C, G-H) two-way ANOVA with post-hoc Šídák's multiple 
comparisons test, (E, J, K) two-way ANOVA with post-hoc Tukey's multiple comparisons test was used 
(mixed effect for E). Error bars represent SEM. *P ≤ 0.05; **P < 0.01; ***P < 0.001; ns: not significant. 

 

Mo-AMs from aged bone marrow display a delayed transition into a homeostatic 

phenotype.  

Once in the lungs, the phenotype acquired by Mo-AMs and the rate of transition into 

homeostatic macrophages in the tissue governs their functional outcome (23). We therefore 

analysed macrophage dynamics from the initial inflammatory phase (D7) to the development 

of fibrosis (D14) using flow cytometry and transcriptomic analysis. D14 served as the fibrotic 

endpoint as two distinct macrophage populations based on SiglecF expression can still be 

distinguished at this time (Fig. 3A). In both groups, there was an initial depletion of SiglecFhi 

TR-AMs and influx of SiglecFlo Mo-AMs on D7 after bleomycin (Fig. 3B). However, recipients 

of aged bone marrow showed slower SiglecFhi TR-AM restoration and prolonged accumulation 

of SiglecFlo Mo-AMs in the lung tissue (Fig. 3B, 3C). Mo-AMs initially express low levels of 

SiglecF, and gradually upregulate SiglecF as they become increasingly tissue-resident-like 

(34). While Mo-AMs from both young and aged bone marrow displayed comparably low 

SiglecF expression at D7, aged Mo-AMs failed to upregulate SiglecF at D14 (Fig. 3D), 

indicating delayed maturation. Using the thorax-shielded bone marrow chimera model (from 

Fig. 2D) to trace the transition of donor bone marrow-derived GFP+ SiglecFlo Mo-AMs into 

SiglecFhi TR-AMs over time, we found that no GFP+ macrophages expressed high SiglecF 

levels at D7 in both groups and most GFP+ Mo-AMs transitioned to a SiglecFhi TR-AM state 

by D21 and D42 (Fig. S4A). However, the percentage of GFP+ Mo-AMs that co-expressed 

SiglecF from an aged bone marrow remained lower when compared to young bone marrow-

derived cells, further highlighting delayed acquisition of a TR-AM phenotype (Fig. S4A, S4B).  

We next analyzed the transcriptome of Mo-AMs and TR-AMs at D7 and D14 post-bleomycin 

challenge (Fig. 3A). Principal component analysis revealed that the TR-AM population 
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became increasingly similar over time between the two groups (Fig. 3E) and showed signs of 

reconstitution by monocyte-derived cells by D14 (increased expression of Ccr2, Ccr5, Csf1r 

and H2-Ab1) (Fig. S4C, Data file S1). However, considerable differences persisted between 

young and aged bone marrow derived Mo-AMs at D14 (Fig. 3F), with distinctive gene 

expression patterns across this transitional phase between the two groups (Fig. S4D, Data 

file S2). At D7 post-bleomycin, Mo-AMs from aged bone marrow exhibited an early profibrotic 

profile (elevated expression of Spp1, Col1a2, Col3a1,Timp3), though inflammatory gene 

expression (Il1b, Nfkb1,  Cxcl2) was lower compared to Mo-AMs from young bone marrow 

(Fig. S4E, Data file S3). While aged Mo-AMs upregulated Ly-6c1, Ly-6a and Cd34, a 

signature of their early monocytic legacy, expression of monocyte-to-macrophage 

differentiation markers (Lgals3, Foxp1, Csf2rb) was reduced (Fig. S4E) (35, 36). In contrast, 

at D14, aged Mo-AMs displayed delayed but heightened expression of key pro-inflammatory 

mediators (Nfkb1, Malt1, Jak2), chemokines (Ccl17, Ccl8) and activation markers (Cd80, 

Cd86), whereas young Mo-AMs already downregulated most inflammatory genes (Fig. 3G, 

Data file S4). Aged Mo-AMs maintained a more pronounced profibrotic signature of 

collagenases (Col1a1, Col1a2), matrix metalloproteases (Mmp12, Mmp13), Fnip2, Fgf13 and 

Tgfb1, with young Mo-AMs expressing only a specific subset of profibrotic genes (Mmp14, 

Spp1, Fabp5). By D14, young Mo-AMs had upregulated homeostatic TR-AM genes, including 

Car4, Fth1, Lyz2, and CD68 (37) along with metabolic regulators such as Acod1 and Mfge8, 

known to mitigate the fibrotic response (38, 39). In contrast, Mo-AMs from recipients of aged 

bone marrow failed to do so (Fig. 3G). Together, these data show that Mo-AMs derived from 

an aged bone marrow experience a delayed transition towards a tissue-resident phenotype, 

coinciding with the slower return to homeostasis following lung injury.  

 

Cell-intrinsic factors determine Mo-AM influx while environmental signals delay 

their transition with age. 

To investigate the extent of cell-intrinsic and cell-extrinsic factors influencing Mo-AM 

phenotype, we exposed young and aged Mo-AMs/TR-AMs to identical lung 

microenvironments. Irradiated young recipient mice (CD45.2 background) were reconstituted 

with a 1:1 mix of young (GFP+) and aged (CD45.1) donor bone marrow cells (Fig. 3H). Post-

transplant, young and aged bone marrow cells repopulated the bone marrow and lungs with 

a similar efficiency overall (Fig. S5A). However, repopulation by aged CD45.1+ bone marrow-

derived cells was characterized by a strong skewing towards increased myeloid cells and 

decreased lymphoid cells in the bone marrow and lung at baseline (PBS-treated mice) (Fig. 

S5B-E). This skewed distribution persisted after bleomycin challenge (Fig. S5F-I). The ratio 

of aged Mo-AMs (and interstitial macrophages (IMs) in the PBS control mice/baseline) was 
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higher at D7 and D14 post-bleomycin (Fig. 3I, 3J, S5J), indicating that the increased 

recruitment of aged Mo-AMs is due to an intrinsic myeloid bias in aged bone marrow or an 

increased cell-intrinsic proliferative capacity of aged monocytes/Mo-AMs. Conversely, PBS 

treated mice had a similar reconstitution of young and aged bone marrow-derived TR-AMs in 

the lungs (Fig. 3K, 3L, S5K), unlike the baseline TR-AM deficit observed following 

transplantation of aged bone marrow alone (Fig. 2C), with no difference in the absolute cell 

counts of TR-AMs at D7 and D14 post-bleomycin (Fig. 3L). Together, these findings suggests 

that, while cell-intrinsic factors determine absolute Mo-AM numbers, the presence of young 

hematopoietic cells may be sufficient to maintain TR-AM numbers or drive efficient Mo-AM to 

TR-AM transition.  

Notably, lung hydroxyproline content (Fig. 3M) and collagen deposition in the lungs at D14 

post-bleomycin was reduced in 1:1 mixed chimeric mice when compared to mice transplanted 

with aged cells alone (Fig. S5L, S5M), suggesting that young hematopoietic cells mitigate 

exacerbated fibrosis in spite of increased influx of aged Mo-AM. We thus speculated that 

fibrosis severity was not solely driven by initial Mo-AM numbers, but further determined by the 

immune microenvironment that shapes Mo-AM transcriptional states and transition. While Mo-

AMs sorted from mice that received only aged bone marrow had upregulated key fibrotic and 

inflammatory genes (Col1a1, Ccl17, Tgfb) in comparison to young Mo-AMs, young and aged 

Mo-AMs isolated from 1:1 chimeric mice did not display these differences (Fig. 3N). These 

findings indicate that the increased number of Mo-AMs is autonomously driven by an aged 

bone marrow and cell-intrinsic differences in aged monocytes/Mo-AMs. In contrast, the 

transcriptional phenotype acquired by Mo-AMs in the lungs, as well as their profibrotic 

features, seem to be regulated by extrinsic environmental factors derived from other 

hematopoietic cells. 
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Fig. 3. Mo-AMs from aged bone marrow delay their transition into a homeostatic phenotype.  
(A) Experimental setup.  (B to G) Lung TR-AMs and Mo-AMs from recipients of 8w or 70w bone marrow 
analyzed by flow cytometry and bulk RNA-seq (sorted cells,) at D7 (inflammatory phase) and D14 
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(fibrosis development) post bleomycin. (B) Absolute cell numbers of lung TR-AMs and Mo-AMs. (C) 
Representative flow cytometry plots at D0, D7, D14. (D)  SiglecF expression on Mo-AMs at D7 and 
D14. Right panel-quantification of mean fluorescence intensity (MFI; a.u). (E–F) Principal component 
analysis (PCA) of sorted lung (E) TR-AMs and (F) Mo-AMs from recipients of 8w and 70w bone marrow 
(D7 and D14 (n= 4/D7 and n= 3/D14). (G) Heatmap of selected differentially expressed genes (DEGs) 
expressed by Mo-AMs (D14, n= 3/group) (15, 16, 37, 38). Heatmap color: z-score of normalized 
log(CPM) across both groups/gene; columns:  individual samples; circle sizes: adjusted p-value; circle 
colors: log2 fold change of 70w vs 8w bone marrow recipient Mo-AMs. Extended gene list in data file 

S4. (H) Experimental setup for (I to N). 8w recipient mice irradiated and transplanted with bone marrow 
cells from young (8w, GFP+ bone marrow) and aged (70w, CD45.1 bone marrow) donor mice in a 1:1 
ratio. PBS or D7, D14 post bleomycin (I) percentage of lung Mo-AMs within the total Mo-AM population 
and (J) absolute cell numbers of lung Mo-AMs from 8w (GFP+) or 70w (CD45.1+) cells.  (K) Percentage 
of lung SiglecFhi TR-AMs within the total TR-AM population and (L) absolute cell counts of lung SiglecFhi 
TR-AMs from 8w (GFP+) or 70w (CD45.1+) cells. (M) Hydroxyproline quantification (lung tissue) of 
recipients reconstituted with 8w (grey bar), 70w bone marrow cells (purple bar) and (8w): 70w bone 
marrow chimera (1:1; grey and purple stripes bar) at D14 post bleomycin. (N) Gene expression (real-
time qPCR) from lung Mo-AMs sorted from recipients of  8w or 70w whole bone marrow transplant (left 
panel) and 8w (GFP+) and 70w (CD45.1+) 1:1 chimeric recipient (right panel) at D14 post bleomycin. 
Data representative of three independent experiments (flow cytometry), n = 5–8 per group per time 
point (B-D) and n = 5-6 per time point of one independent experiment (H-N). For (B, D, I-L) a two-way 
ANOVA with post-hoc Tukey's multiple comparisons test, (M) one-way ANOVA and (N) two-way 
ANOVA with post-hoc Šídák's multiple comparisons test was used. Error bars represent SD.*P ≤ 0.05; 
**P < 0.01; ***P < 0.001; ns: not significant.  
 

Hematopoietic aging decreases IL-10 availability and drives a pro-inflammatory 

milieu in the lung. 

Given the delayed transition of aged Mo-AMs to a homeostatic TR-AM phenotype, we 

examined lung microenvironmental signals that might influence this process. By D7 post-

bleomycin, mice reconstituted with aged bone marrow displayed an altered lung cytokine 

profile, with increased pro-inflammatory mediators such as IFN-γ, IL-6, CXCL1, and CCL17, 

but reduced IL-10 and IL-13 levels (Fig. 4A, S6A) with a corresponding transcriptional state 

in lung tissue (Fig. S6B). The most substantial difference between the groups post bleomycin-

induced injury was the substantially lower IL-10 levels, which persisted through the 

inflammatory and fibrotic phases (Fig. 4B). As IL-10 is a key anti-inflammatory cytokine (40), 

we hypothesized that reduced IL-10 availability could impair timely resolution of bleomycin-

induced lung injury. To test this, we treated young adult mice with a neutralizing IL-10 antibody 

intranasally between D0 and D7 (Fig. 4C). IL-10 neutralization strongly increased weight loss 

(Fig. 4D) and reduced predicted survival post D7 (Fig. S6C). By D7, anti-IL10 treated mice 

showed increased Mo-AM numbers, reduced TR-AMs, and the emergence of a CD11clow 

CD11bhi SiglecF+ (TR)-AM population (Fig. 4E, S6D), suggesting that IL-10 maintains 

homeostatic TR-AMs. To assess if IL-10 had an impact onMo-AM maturation, we neutralized 

IL-10 in the lungs from D7 to D14 post-bleomycin challenge (Fig. 4C). While body-weight loss 

was unaffected (Fig. 4F), IL-10 neutralization increased Mo-AM accumulation by D14 (Fig. 

4G, 4H), with a decreased resolutory (CD206+) (41) and increased activated (CD86+) (42) Mo-
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AM phenotype (Fig. S6E), indicating that IL-10 is necessary for efficient Mo-AM transition into 

a homeostatic state. 

We next asked if Mo-AM differentiation or activation was influenced by IL-10 in the lung 

microenvironment. Single cell RNA sequencing (scRNA-seq) of immune cells from the BALF 

of young adult mice identified three populations of macrophages in the alveolar space during 

the inflammatory phase (D7) post bleomycin challenge: TR-AMs (cluster 0 Lyz2, Ccl6, Ftl1 

expression), cells of recent monocyte origin or early Mo-AMs (cluster 1, high Ccr2, CD74, H2-

A expression) and profibrotic Mo-AMs (cluster 2 with high expression of Mafb, Mmp14, Itgam, 

Cd36) (Fig. 4I, S6F, S6G). Only cluster 2 profibrotic Mo-AMs expressed elevated levels of 

Il10rb, encoding the IL-10 receptor (Fig. 4J, Data file S5). Further transcriptomic analysis of 

Mo-AMs revealed that IL-10 signaling downstream targets, including Tnip3, Etv3, Cd80, Cd86, 

and Stat3 (43, 44), were induced in young Mo-AMs at D7 and promptly downregulated by 

D14, while aged Mo-AMs showed a deferred expression of these genes by D14 (Fig. 4K).  

To assess the direct effects of IL-10 on Mo-AM phenotype, we sorted Mo-AMs from young or 

aged mice on D7 post-bleomycin and stimulated them ex-vivo with IL-10 (Fig. 4L). At baseline 

(without stimulation), aged Mo-AMs showed increased IL-6, CXCL1 and CCL17 cytokine 

secretion and gene expression levels compared to young Mo-AMs (Fig. 4M, S6H, S6I). IL-10 

stimulation efficiently suppressed this inflammatory signature in both groups (Fig. 4M, S6H, 

S6I), demonstrating comparable responsiveness to IL-10. Conversely, GM-CSF, essential for 

TR-AM maintenance (39), had no impact on the inflammatory profile (Fig. S6J). These data 

highlight the importance of environmental IL-10 in determining the Mo-AM response at this 

early juncture and that suppressed IL-10 levels, such as during hematopoietic aging, sustains 

their inflammatory phenotype.  
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Fig. 4. Hematopoietic aging decreases IL-10 availability and drives a pro-inflammatory milieu in 
the lung. 
(A) Cytokine analysis of lung homogenates from recipients of 8w and 70w bone marrow at D7 post 
bleomycin. (B) ELISA of IL-10 from lung homogenate at D0, D7, D14 and D21 post bleomycin. (C) 
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Experimental set up for (D to I): 8-week-old C57BL/6J mice were given bleomycin (i.t) and intranasally 
(i.n) treated with anti-IL-10 antibody or PBS at the indicated time points (D0-D7) or (D7-D14) until an 
endpoint of D7 or D14. (D) Weight curve until D7. (E) Absolute numbers of lung myeloid cells (Mo-AMs, 
TR-AMs (SiglecFhi CD11blo CD11chi), (TR)-AM-like cells (SiglecFhi CD11blo CD11clo)). (F) Weight curve 
until D14. (G) Absolute numbers of lung Mo-AMs -D14 (H) Representative flow cytometry plots and bar 
graphs showing percentage of TR-AMs and Mo-AMs expressed as a percentage of MerTK+ CD64+ 
cells. (I) Seurat clustering of three macrophage populations identified from ScRNA-seq from the BALF 
of 8-week-old mice at D7 post bleomycin (Cluster gene list in data fileS5). (J) Expression of Il10rb on 
Clusters 0 (TR-AMs), 1 (early Mo-AMs) and 2 (profibrotic Mo-AMs). (K) Heatmaps of transcriptomic 
analysis of selected IL-10 related genes on sorted lung Mo-AMs from recipients of 8w and 70w bone 
marrow at D7 and D14 post bleomycin (n = 3–4 per group). Heatmap color represents z-score of 
log(CPM) normalized expression across all 4 groups (8w/D7; 70w/D7; 8w/D14; 70w/D14) per gene. 
Columns represent individual samples (gene expression data in data file S3 and S4 for D7 and D14, 
respectively). (L) Experimental set-up  (M to N). Mo-AMs were sorted from 8w or 70wd WT mice at D7 
after bleomycin and cultured ex-vivo for 24 hours in medium with or without IL-10 (n = 4 per group, cells 
sorted and pooled together in 3 technical replicates per group). (M) Cytokine secretion analysis 24 
hours post-culture/stimulation (absolute values in pg/ml). For (F-G) BALF cells from six mice were 
pooled and sequenced. For (A, E, G, H) Student’s  two tailed unpaired t-test, (B) multiple unpaired t-
test, (D,F) and (K, M) a two-way ANOVA with post-hoc Bonferroni and Tukey's multiple comparisons 
test, respectively (overall column factor for K, individual comparisons in data file S10) and (J) a 
Wilcoxon-Rank Sum test with Bonferroni correction (Seurat) was used. Error bars represent SEM or 
SD *P ≤ 0.05; **P < 0.01; ***P < 0.001; ns: not significant. 
 

Hematopoietic aging restricts lung IL-10-producing Tregs upon lung injury.  

To identify cellular sources of IL-10 in the lung environment affected by hematopoietic aging, 

we analyzed intracellular IL-10 in major lung immune cells post-bleomycin. Bone marrow age 

did not affect IL-10 levels in IL-10-producing innate immune cells, including neutrophils, TR-

AMs, Mo-AMs, IMs, ILCs, and NK cells (Fig. S7A) (45). However, CD4+ T cells in young mice 

engrafted with aged bone marrow produced less IL-10 upon bleomycin challenge (Fig. 5A). 

Specifically, CD25+ cells, and CD4+ CD25+ Foxp3+ regulatory T cells (Tregs) had lower IL-10 

levels (Fig. S7B, 5B). Although the total number of CD4+ T cells post-bleomycin challenge 

was similar (Fig. S7C), IL-10+ CD4+ T cell abundance was lower in recipients of aged bone 

marrow (Fig. 5C; gating strategy in S7D) with a reduced frequency of Foxp3+ Tregs amongst 

IL-10+ immune cells (Fig. S7E). While Tregs expanded upon bleomycin injury in both groups, 

an aged bone marrow curtailed Treg expansion (Fig. 5D, 5E) at both the inflammatory (D7) 

and fibrotic (D14) phases, with pronounced reductions of the IL-10+ subset (Fig. 5F). In 

contrast, CD49b+ Lag3+ type 1 regulatory T (Tr1) cells, other known IL-10 producers (46), 

were unaffected by bone marrow age (Fig. S7F). The diminished Treg expansion was 

associated with increased Th1 (T-bet+) and reduced Th17 (Rorγt+) numbers (Fig. S7G).  

While Tregs can be radioresistant (47), young host-derived Tregs in the lungs were minimal 

(Fig. S7H) and all IL-10+ Foxp3+ were donor-derived (Fig. S7I). A reduction in IL-10+ Tregs 

was also recapitulated in naturally aged mice post-bleomycin (Fig. S7J, S7K). Using the 

thoracic shielding model to distinguish between tissue-resident (GFP–) and peripheral (GFP+) 
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Tregs, we found a specific reduction in lung GFP+ Foxp3+ and GFP+ IL-10+ Tregs (Fig. 5G) 

and IL-10 levels (Fig. S7L) in mice engrafted with aged bone marrow. Collectively, our results 

show that reduced IL-10 in the lungs of naturally aged mice and recipients of aged bone 

marrow display impaired recruitment of IL-10+ Tregs following bleomycin challenge. 

Transcriptomic analysis of CD25+ CD4+ T cells on D7 post-bleomycin revealed significant 

differences in the expression of key Treg markers (48), including Ctla-4, Icos, and Tnfrsf18I 

(Fig. 5H, Data file S6). In mice that received aged bone marrow, there was a notable reduction 

in the absolute numbers of ICOS+ and GITR+ Tregs (Fig. S8A) and a shift towards Th1-like 

Tregs (Tbet+), while no differences were detected in Th17-like (Rorγt+) or Th2-like Tregs 

(Gata3+) (Fig. S8B, S8C), indicating that hematopoietic aging leads to both numerical and 

transcriptional alterations in lung Tregs. 

To contextualize these findings, we integrated data from the Human Lung Cell Atlas (HLCA) 

(49), comparing transcriptional profiles from young and aged healthy individuals, IPF patients, 

and young and aged COVID-19 patients. We used COVID-19 samples to compare young and 

aged individuals post-acute lung injury, given that IPF data are predominantly derived from 

aged patients with end-stage disease (Fig. S8D, Data file S7). Tregs (Fig. S8E) from healthy 

aged individuals showed increased expression of IFNG, indicating a Th-1-like shift similar to 

our observations in mice, while the levels of CTLA4, FOXP3, and IL2RA tended to be lower 

(Fig. 5I, Table S8). Aged Tregs were also enriched for inflammation- and fibrosis-associated 

genes at baseline (Fig. 5J, Data file S8). Mo-AMs from IPF patients expressed canonical 

profibrotic genes (SPP1, COL6A, FN1) (32, 49, 50) (Fig. S8F, Data file S9). Similarly, aged 

COVID-19 Mo-AMs exhibited an activated, profibrotic phenotype with elevated FCN1, CXCL8, 

CCL4 and PDGFA expression (51) (Fig. S8F). Together, these data show that hematopoietic 

aging hampers the Treg response, reducing Treg-derived IL-10 in mice, with aged-related 

Treg alterations also observed in aged human lung samples.   
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Fig. 5. Hematopoietic aging restricts lung IL-10-producing Tregs upon lung injury 
(A) Histograms of intracellular IL-10 staining and MFI quantification of IL-10 by flow cytometry of lung 
CD4+ T cells from recipients of (8w) or (70w) bone marrow at D7 (PBS/bleomycin treatment). (B) 

Histograms of intracellular IL-10 staining of lung CD4+ CD25+ Foxp3+ cells and MFI quantification of IL-
10. (C) Absolute cell numbers of lung CD4+ IL-10+ T cells, representative flow cytometry plots of 
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percentage of lung IL-10+ CD4+ T cells from recipients of (8w) and (70w) bone marrow at D7 post 
bleomycin. (D) Representative flow cytometry plots of (top panel) lung CD4+ CD25+ Foxp3+ cells, 
(bottom panel) Foxp3+ IL-10+ cells D7 post bleomycin. (E) Absolute cell numbers of lung CD4+ CD25+ 
Foxp3+ cells and (F) Percentage of Foxp3+ cells expressing intracellular IL-10 of PBS-treated, D7 and 
D14 post bleomycin (n =4-10). (G) Absolute numbers of lung CD4+ Foxp3+ GFP- or GFP+ and Foxp3+ 
GFP+ IL-10+ cells from recipients of irradiation with thoracic shielding at D7 post bleomycin (n = 5–6). 
(H) Transcriptomic analysis of CD4+ CD25+ lung cells sorted at D7 post bleomycin from the lungs of 
recipients of 8w or 70w bone marrow. Heatmap depicting selection of DEGs (n = 3/group). (I) 
Transcriptomic analysis of Tregs from the Human Lung Cell Atlas. Heatmap showing selection of gene 
expression with a z-score per gene across all groups – Young Healthy, Aged Healthy, Young COVID, 
Aged COVID and Aged IPF (see methods). (J) Gene set enrichment analysis showing selected 
significantly enriched pathways in Tregs from Aged Healthy samples.  Data representative of three 
independent experiments (A-F) or two independent experiments (G). Symbols on bar graphs represent 
individual mice. For (A, B,C,E (D7), F (D7)) a two-way ANOVA with post-hoc Tukey’s multiple 
comparison, (E (D14), F (D14), G) a Student’s two tailed unpaired t-test and was used. For (H, I, J) 
DEA by Limma was used (data file S8). Error bars represent SEM. *P ≤ 0.05; **P < 0.01; ***P < 0.001; 
ns: not significant.  

 

 

IL-10-producing Tregs promote Mo-AM maturation and attenuate fibrosis.  

To examine whether T-cell-derived IL-10 impacts Mo-AM responses and fibrosis 

development, we generated 1:1 mixed bone marrow chimeras using TCR-α-/- and IL-10-/- bone 

marrow (Fig. S9A), which lack IL-10-producing T cells but retain functional B and myeloid 

compartments. Controls included WT (8w:8w or 70w:70w), TCR-α KO:WT (8w), or IL-10 

KO:WT (8w) chimeras (Fig. S9A). TCR-α KO:IL-10-/- chimeras exhibited increased disease 

severity post-bleomycin compared to controls (Fig. S9B, S9C) and reduced IL-10 levels, 

confirming T cells as a major IL-10 source in the lungs (Fig. S9D). While Mo-AM numbers 

were comparable to WT controls at D7 (Fig. S9E), they remained elevated by D14 (Fig. S9F), 

indicating persistent Mo-AM accumulation in the absence of T-cell-derived IL-10. 

Transcriptomic and cellular interaction analysis among IL-10-expressing cell types (TR-AMs, 

Mo-AMs, monocytes, CD4+CD25–, and CD4+CD25+ cells) suggested that CD25+ T cells were 

the primary IL-10 source interacting with IL-10R-expressing monocytes and Mo-AMs in young 

bone marrow recipients (Fig. 6A). This interaction was reduced in recipients of aged bone 

marrow (Fig. 6B, S9G). Moreover, intravenous (i.v.) labeling of CD45+ cells at D7 post 

bleomycin challenge revealed that Tregs, like Mo-AMs, localized to the lung parenchyma (Fig. 

S9H, S9I) and immunohistology demonstrated that Foxp3+ cells were in close proximity to 

F4/80+ macrophages in bleomycin-challenged lungs (Fig. S9J).  

We therefore asked how the reduction of these CD25+ T cells observed upon hematopoietic 

aging impacted the disease course and Mo-AM response. Partial depletion of CD25+ cells 

including Tregs, with an anti-CD25 antibody, during the inflammatory phase post-bleomycin 

(D(-2) to D7) (Fig. S10A, S10B), caused weight loss (Fig. S10C) and decreased lung IL-10 

levels (Fig. S10D) but had no impact on Mo-AM numbers at D7 (Fig. S10E). In contrast, 
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depletion during the fibrotic phase (D7 to D14) (Fig. S10F) did not affect body weight (Fig. 

S10G) but increased Mo-AM accumulation by D14 (Fig. S10H-J). To model the age-related 

reduction in Tregs observed throughout the disease course (Fig. 5E), we used DEREG Foxp3-

EGFP reporter mice and partially depleted Tregs via i.t. Diphtheria toxin (DT) administration 

between D(-2) and D14 ( Fig. 6C, Fig. S10K). Both IL-10+ and IL-10- Treg numbers were 

reduced, and this was further associated with an expansion of T-bet+ T-helper cells during 

fibrosis (Fig. S10L), thus resembling key features we had observed upon hematopoietic aging. 

Treg reduction led to a pronounced decrease in body weight (Fig. 6D), increased collagen 

deposition, higher Ashcroft score (Fig. 6E, F), lower lung IL-10 levels and elevated 

inflammatory cytokines (Fig. 6G, S10M) as compared to control mice. DEREG mice had 

elevated numbers of Mo-AMs at D14 with lower SiglecF expression levels (Fig. 6H, 6I, 6J), 

indicating delayed Mo-AM maturation.  

To verify if Treg depletion specifically during the fibrotic development phase impacted Mo-AM 

transition, we treated Foxp3-DTR mice (52), a model that allowed us to efficiently ablate Tregs 

over a shorter period of time, with DT administered only from D7 to D14 post-bleomycin (Fig. 

6K, S10N, S10O). This resulted in increased weight loss (Fig. S10P), elevated lung 

hydroxyproline levels (Fig. S10Q), Mo-AM accumulation with lower SiglecF expression (Fig. 

6L, 6M, 6N), a reduction in resolutory-like (CD206+) Mo-AMs and an increase in activated Mo-

AMs (CD86+) (Fig. S10R) compared to control mice. This was confirmed in a bone marrow 

transplant model using Foxp3-DTR or Rosa26iDTR donors to compare DT treatment during 

the full course (D0-D14) versus the fibrotic phase (D7-D14) post-bleomycin challenge (Fig. 

S10S, S10T). Mice lacking Tregs exhibited weight loss and increased Mo-AM accumulation, 

while DT treatment alone caused no adverse effects in PBS-treated controls (D0-D14) (Fig. 

S10U, S10V). 

Finally, to determine if Foxp3-Treg-derived IL-10 specifically reduces Mo-AM accumulation, 

independent of other Treg mechanisms, we generated 1:1 mixed bone marrow chimeras using 

Foxp3-DTR and IL-10-/- donors. This setup allowed assessment of IL-10's role in Mo-AM 

transition without fully depleting Tregs (Fig. 6O). Control groups were transplanted with a 1:1 

ratio of Foxp3-DTR: Foxp3-DTR; Foxp3-DTR: 8w old WT; or Foxp3-DTR: 70w old WT bone 

marrow. Post reconstitution, all groups received DT treatment (D0-D14). Mixed chimeras of 

Foxp3-DTR with either aged bone marrow or IL-10-/- bone marrow exhibited pronounced 

weight loss, similar to mice completely lacking Tregs (reconstituted only with Foxp3-DTR) 

(Fig. 6P), and had elevated lung hydroxyproline levels (Fig. S11A) when compared to mice 

that received young bone marrow. Mice deficient in IL-10-producing Tregs had increased 

numbers of lung Mo-AMs at D14 (Fig. 6Q) that had low SiglecF expression (Fig. 6R), akin to 

those devoid of Tregs. This indicates that the absence of IL-10 from Tregs, even without a 

notable reduction in Treg numbers (Fig. S11B), is sufficient to cause Mo-AM accumulation, 
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supporting the critical role of Treg-derived IL-10 as a mediator that facilitates the efficient 

maturation of Mo-AMs. This parity between the depletion of IL-10-producing Tregs and their 

reduction due to hematopoietic aging underscores their essential regulatory role in shaping 

Mo-AM transition and lung fibrosis outcome post bleomycin challenge.   
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Fig. 6. IL-10-producing Tregs promote Mo-AM maturation and attenuate fibrosis.  
(A-B) CellChat analysis from transcriptomic data of sorted lung cell populations: TR-AMs, Mo-AMs, 
monocytes, CD4+ CD25+ and CD4+ CD25– T cells from recipients of 8w or 70w bone marrow (D7/post 
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bleomycin). (A) Receptor-ligand interactions of IL-10 signaling pathway from recipients of 8w bone 
marrow. (B) Differential interaction strength between the given cell types. Enriched interactions: grey 
(8w) and purple (70w). Arrow direction: interaction flow, arrow weight: interaction strength. (C) 
Experimental set up for (D-J). DEREG mice or Rosa26iDTR (Rosa26lsl-DTR/lsl-DTR) controls were given 
Diphtheria-toxin (DT) intraperitoneally (i.p) and bleomycin (i.t) at specified time points (n = 6-7 per 
group). (D) Body weight curve until D14. (E) Histological lung sections -Masson Trichrome stain. (F) 
Modified Ashcroft fibrosis score of lung histology at D14 post bleomycin. (G) IL-10 levels from lung 
homogenates (ELISA). (H) Absolute numbers of lung Mo-AMs. (I) Representative flow cytometry plots 
and TR-AMs and Mo-AMs expressed as a percentage of MerTK+ CD64+ cells. (J) Mean fluorescence 
intensity of SiglecF expression on Mo-AMs. (K) Experimental set up for (L-N). Foxp3-DTR (Foxp3DTR/Y) 
or Rosa26iDTR (Rosa26lsl-DTR/lsl-DTR) mice were given bleomycin (i.t; D0), and DT (i.p) from D7 until D14 
(endpoint), every two days. (L) Absolute cell numbers of lung Mo-AMs. (M) Representative flow 
cytometry plots and TR-AMs and Mo-AMs expressed as a percentage of MerTK+ CD64+ cells. (N) Mean 
fluorescence intensity of SiglecF expression on Mo-AMs. (O) Experimental set up for (P to R). 8-w-old 
mice were irradiated and transplanted a 1:1 ratio of bone marrow cells: (Foxp3-DTR : WT (8w)); (Foxp3-
DTR : WT (70w)); (Foxp3-DTR:Foxp3-DTR); (Foxp3-DTR: IL-10-/-), challenged with bleomycin (i.t; D0) 
2 months post-transplant, and administered DT every 2 days from D0 until D14 (endpoint). (P) Body 
weight curve. (Q) Absolute cell counts of lung Mo-AMs (D14). (R) Mean fluorescence intensity of 
SiglecF expression on Mo-AMs. Data representative of one or two independent experiments. For (D,P) 
a two-way ANOVA post-hoc Tukey’s multiple-comparison test, for (F-N) a Student’s two tailed t test 
was used. For (Q-R) one-way ANOVA with post-hoc Dunnett’s multiple comparisons to the Foxp3-
DTR:WT (8w) group as the control was used. Error bars represent SEM. *P ≤ 0.05; **P < 0.01; ***P < 
0.001; ns: not significant.   

 

DISCUSSION 

Tissue injury triggers a cascade of inflammatory events, recruiting and activating immune and 

non-immune cells to coordinate repair (4). With age, there is increasing aberration in these 

processes leading to chronicity of injury and tissue fibrosis. Despite significant research 

advances (53, 54), lung transplantation remains the only treatment for advanced disease  (53, 

54). Critical gaps persist in understanding the fine interplay between aging structural and 

immune cells that determine the fate of an injured lung. Here, we investigated the impact of 

hematopoietic age on lung fibrosis by decoupling it from the aging lung tissue. We found that, 

irrespective of the lung tissue or tissue-resident cell age, bone marrow age determines Mo-

AM influx and fibrosis severity. Exacerbated fibrosis in recipients of aged bone marrow was 

not only associated with increased Mo-AM numbers but was fueled by a delayed transition of 

inflammatory, profibrotic Mo-AMs into a tissue-resident homeostatic state. We found that Treg-

derived IL-10 was a key factor that dampens pro-inflammatory Mo-AMs upon lung injury and 

this axis was hampered with age.  

Bone marrow-derived Mo-AMs are key drivers of lung fibrosis (15, 16, 20, 55), with Mo-AM-

like, scar-associated macrophages of monocytic origin observed to cluster around fibrotic foci 

in the lungs of IPF patients (56). In models of bleomycin- and asbestos-induced fibrosis (25), 

the increased presence of Mo-AMs in fibrosis-susceptible, aged mice has been explained by 

age-related dysregulation of epithelial cell differentiation and increased epithelial barrier 
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permeability (25). However, this is based on studies conducted in naturally aged mice, where 

age-related aberrations in all cell compartments simultaneously manifest. Here, using 

heterochronic transplantation, we disentangled age-related effects of lung structural cells from 

those of bone marrow-derived immune cells. We observed that young mice receiving aged 

bone marrow exhibited an influx of Mo-AMs comparable to naturally aged mice upon 

bleomycin injury and this was reversed when aged mice received young bone marrow.  

Similar to naturally aged mice (20), young recipients of aged bone marrow had fewer TR-AMs 

at baseline. Inadequate self-maintenance by aged resident macrophages could lead to their 

increased substitution by bone-marrow derived macrophages over time. This is supported by 

recent findings showing progressive replacement of fetal macrophages with bone marrow-

derived macrophages during aging in naive mice (13). The macrophage-niche model 

underscores niche availability as a core pre-requisite for monocyte engraftment and 

differentiation to macrophages (57). Our findings using the thoracic shielding model indicate 

that while niche space may influence monocyte/Mo-AM turnover under homeostasis, its sole 

availability does not explain the heightened monocyte/Mo-AM infiltration observed in 

recipients of aged bone marrow after bleomycin injury given similar numbers of host-derived 

tissue resident macrophages. In 1:1 bone marrow chimeras, aged Mo-AMs outcompeted 

young cells, suggesting that the influx is driven by the output, differentiation, or homing 

potential of aged bone marrow progenitors, independent of the lung resident cell niche. While 

our study focuses on the transition phase of Mo-AM as they start adopting a TR-AM-like fate, 

the aged bone marrow could already have an impact on monocyte function and transition, 

which warrants further work.  

Restoring barrier integrity post-injury is a critical step and involves the differentiation of 

alveolar type 2 (AT2) cells into alveolar type 1 (AT1) cells, which are crucial for gas exchange 

(58).  We found that repopulation of the lung with aged immune cells, while inducing 

heightened inflammation and cell infiltration to bleomycin-induced lung injury, did not alter the 

degree of initial injury to the lung tissue in the readouts we tested. A previous study 

mechanistically showed that early inflammatory signals from monocyte-derived macrophages 

in the lung were needed to prime AT2 cells for differentiation (59). However, prolonged 

activation led to the formation of a dysregulated intermediate cell state, hampering barrier 

repair (59, 60). In line with this, we observed that young Mo-AMs exhibited an early 

inflammatory signature, which they promptly downregulated and began differentiating into 

homeostatic TR-AMs. Conversely, aged Mo-AMs retained and exacerbated an inflammatory 

and profibrotic profile over time. We speculate that the failure of aged Mo-AMs to efficiently 

transition out of this early activated state contributes to impaired epithelial restoration and 

increased fibrosis with age.  
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The infiltration and subsequent differentiation of Mo-AMs are governed by signals present in 

the microenvironment, influencing their function and phenotype. We observed a heightened 

inflammatory milieu with increased levels of IFN-γ and IL-6, but reduced IL-10 in the lungs of 

young mice engrafted with aged bone marrow, suggesting the lack of a key resolutory 

mediator. IL-10 has been shown to play a regulatory role in fibrosis by limiting IL-17A-driven 

fibrotic pathology and reducing profibrotic TGF-β activity (61). However, its effects can be 

context-dependent (37). In our model, IL-10 functioned as an early anti-inflammatory mediator, 

mitigating the initial inflammatory signature of Mo-AMs in young bone marrow recipients. IL-

10R signaling on macrophages has previously been shown to be crucial for maintaining 

mucosal homeostasis in the gut and preventing colitis by promoting the maintenance of anti-

inflammatory macrophages (62, 63), with IL-10R loss leading to the accumulation of immature 

inflammatory macrophages (64). Conversely, in the absence of immediate inflammation, the 

presence of IL-10 may push Mo-AMs into a state of repair overdrive and perpetuate the fibrotic 

response as previously reported (65). However, in line with our findings, IL-10RA was 

specifically expressed on profibrotic macrophages in the lungs of IPF patients, underscoring 

a role for IL-10-dependent modulation of macrophage function during lung fibrosis.  

Our work showed that reduced IL-10 in recipients of aged bone marrow was due to its 

decreased production by Tregs. The absence of Treg-derived IL-10 or depletion of Tregs 

replicated the worsened fibrosis observed in young mice transplanted with aged bone marrow. 

Tregs modulate the immune environment by dampening inflammation and promoting tissue 

repair (66) and, similar to the impact of IL-10, can have a dual role in fibrogenesis. While Tregs 

can promote fibroblast stimulation under non-inflammatory conditions (67), they can be anti-

fibrotic, restraining inflammation and subsequent fibrosis perpetuated by effector CD4+ T cells 

as seen in Aspergillus fumigatus infection-induced fibrosis (68) or upon sterile silicon dioxide-

induced lung injury (67). We found that Tregs and T cell-produced IL-10 shaped the myeloid 

cell response during bleomycin-induced fibrosis. Although IL-10 did not directly impact the 

early recruitment of Mo-AMs in the lungs, it did critically influence the maturation of profibrotic 

Mo-AMs into homeostatic tissue-resident like cells. Furthermore, depletion of Tregs 

specifically during the fibrotic development phase (D7-D14) was sufficient to hamper 

appropriate Mo-AM maturation into a TR-AM phenotype. Our findings distinguish the early 

lung injury phase (D0-D7) from the fibrotic development phase (D7-D21) in the bleomycin 

model. Importantly, while the loss of IL-10 or Tregs during the early injury phase heightens 

inflammation and impacts readouts such as body weight loss, reducing IL-10 or Tregs during 

the fibrotic development phase drives the delayed transition of Mo-AMs without obvious 

effects on early inflammation.  
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Tregs from aged bone marrow recipients exhibited transcriptional alterations and showed a 

Th-1 skewing. In line with this, prior work found that aging leads to  cell-intrinsic dysfunction 

in Tregs, impairing their ability to facilitate tissue repair in the lungs following influenza infection 

(69). We found that loss of IL-10 from Tregs alone, without significant reduction in their 

numbers, was sufficient to exacerbate disease severity and Mo-AM accumulation, highlighting 

that the loss of efficient IL-10 production by Tregs during aging leads to a dysfunctional 

resolutory circuit in the lungs. While we focused on the role of Treg-derived IL-10, Mo-AM 

maturation at different stages can be influenced by signals from other cell types, namely ILC2s 

(70, 71) and basophils (72). Altogether, our study highlights the overarching influence that the 

age of the hematopoietic system has on exacerbating lung fibrosis by promoting influx of Mo-

AMs upon injury. By showing that the combination of increased numbers and stalled transition 

of Mo-AMs into a homeostatic state contributes to a worsened fibrotic outcome, we emphasize 

their crucial role in governing the tissue response to injury. Moreover, the identified Treg-

driven IL-10 axis, which we show hastens Mo-AM maturation and is suppressed by an aging 

bone marrow, provides a promising therapeutic avenue to accelerate tissue repair and prevent 

the development of fibrosis. 

MATERIALS AND METHODS 

Study Design  

The aim of this study was to investigate the impact of an aging bone marrow on the 

development of lung fibrosis. In this study, we used bone marrow transplant models to 

generate chimeric mice in which young (8-week-old) mice were transplanted with cells from 

young (8-week-old) or aged (70-week-old) bone marrow, allowed to reconstitute for two 

months before intratracheal challenge with bleomycin to induce fibrosis. We explored the 

impact of the aging immune system on the course of lung fibrosis via bone marrow transplant, 

bone marrow chimeras, flow cytometry, lung histology, microscopy, ELISA/Legendplex 

analysis and readouts of weight loss and survival of the mice. We further studied the impact 

of IL-10 and interaction between cell types involved in an IL-10-mediated resolution axis via 

transcriptomic analysis and the use of transgenic mice. For most experiments, two to four 

independent replicate experiments, unless stated in the figure legends, were conducted, all of 

which yielded comparable results. Data shown in this study are representative of independent 

experiments as described in the individual figure legends. Sample sizes were in accordance 

with that specified in the study protocol for animal ethics; in most mouse experiments a sample 

size of 4-12 (per group/time point/treatment) were determined to be needed to see a difference 

with a significance level of 5% and a statistical power of 0.8. The ROUT test (Q=1%) test was 

used to identify any outliers from the dataset. Additionally, any data points excluded due to 

obvious technical errors are documented in Data File S10.  For most mouse experiments, a 
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minimum of 5-10 mice per group per experiment were used in bleomycin groups and 4- 6 mice 

in baseline (D0) or PBS control. Three mice per genotype were used as bone marrow donors 

per experiment and cells from all donors per genotype were pooled before transplant into 

recipients. Histopathological scoring of lung sections was conducted by an independent 

blinded pathologist or automated quantification. Allocation of animals into experimental groups 

was random at the start of the experiment. Recipient mice of different bone marrow genotypes 

were housed within the same cage. The number of mice, replicate experiments and statistical 

tests are provided in the respective figure legends. 

 

Mice 

All animal experiments performed in this study were carried out in accordance with current 

guidelines stipulated by the Ethical review committee of the Medical University of Vienna and 

the Austrian Ministry of Sciences (protocol ID BMBWF-66.009/0338-V/Jb/2019; 2022-

0.726.852; VL: 2023-0.684.562;). Healthy age-matched 8–10-week-old male mice (classified 

as young adult mice) and 70–80-week-old male mice (aged mice) were used throughout the 

study. C57BL/6J mice were originally purchased from Janvier Labs and bred in-house at the 

Core Facility Laboratory Animal Breeding and Husbandry, Medical University of Vienna in a 

specific pathogen-free environment according to the Federation of European Laboratory 

Animal Science Associations (FELASA) guidelines. Only male mice were used throughout the 

study, both as recipients and bone marrow donors. All mice were matched for age and genetic 

background in individual experiments and fed a standard chow diet. Aged mice were housed 

in the same room as young mice. Within each bone marrow transplant experiment, each cage 

contained recipients from all groups/conditions of bone marrow donor cells to control for 

microbiome derived effects.  

For further details on mouse strains, see Supplementary materials and methods.  

 

Bleomycin administration 

Mice were administered with Bleomycin Sulfate (Sigma Aldrich) resuspended in 30 µl of 

endotoxin free PBS (Sigma-Aldrich) at a dose of 1.5 U/kg (high dose, only used in Fig. 1F), or 

1 U/kg (low dose, all other experiments) or with 30 µl PBS only (controls) at D0 and harvested 

at days 7, 14, 21 or 42 post challenge. Doses were calculated based on the average weight 

of the mice prior to the start of the experiment. Mice were anesthetized via intraperitoneal (i.p) 

injection of Ketasol (100 mg/kg; OGRIS Pharma) and Rompun (10 mg/kg; Bayer) and placed 

on a rodent intubation stand (BrainTree). The tongue was set aside with blunt ended forceps 

and 30 µl of PBS or Bleomycin Sulfate was administered intratracheally (i.t) using a 200 µl 

pipette. Animals were then placed on a heating pad and monitored until awake and 

ambulatory. 
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Bone marrow transplants  

Whole body irradiation was performed at 6 Gy twice (2 x 6 Gy) with a 3-hour gap between 

irradiation rounds. For thoracic shielding, lead shields were placed over the chest during 

irradiation at a single dose of 9 Gy. Bone marrow cells (4 x 10⁶ cells) were harvested from 

young (8–10 weeks) and aged (70–75 weeks) UBC-GFP, CD45.1 donors or 8–12-week-old 

TCR-α-/-, Foxp3-DTR, Rosa26DTR, and IL-10-/- mice, and injected retro-orbitally in 100 µl 

PBS, 4 hours post-irradiation. For 1:1 bone marrow chimera, 2 x 10⁶ cells from each genotype 

were mixed before administration. Mice were housed for 2 months post-transplantation for 

reconstitution before experiments. For detailed protocol see supplementary methods.  

 

In-vivo treatments 

8–10-week-old WT (C57BL/6J) mice were administered 50 µl at a dose of 150 µg anti-IL-10 

(clone JES5.2A5) intranasally under light isoflurane anesthesia (2% isoflurane 2 L/min O2) 

(D0-D7 or D7-D14, every alternate day) or Anti-CD25 (Clone PC6) at a dose of 500 µg/mouse 

per time point in 200 µl PBS (D0-D7 or D7-D14, every alternate day). DEREG mice received 

50 µg/kg Diphtheria Toxin (DT) i.p. on D-2, followed by 10 µg/kg every 2 days (D0–D14); 

Foxp3-DTR mice received 10 µg/kg DT i.p. every 2 days from D0–D14 or D7–D14. Rosa26-

DTR mice were used as controls for all experiments. Further details in Supplementary 

materials and methods. 

 

Cell isolation and organ processing  

Bronchoalveolar lavage fluid (BALF), lungs, bone marrow, and blood were processed into 

single-cell suspensions for flow cytometry analysis, cell sorting, RNA-sequencing, or ex-vivo 

culture. For the detailed protocol on organ processing, see supplementary materials and 

methods. 

 

Stimulation with PMA/Ionomycin for intracellular IL-10 detection 

Cell suspensions were resuspended in 100 µl of PBS 1% BSA containing PMA (Sigma; 250 

ng/mL) and Ionomycin (Sigma; 1 ug/mL) and incubated at 37°C for 4 hours. Brefeldin-A 

(BioLegend; 1:1000 dilution) was added in the last hour. Cells were washed in cold PBS 1% 

BSA, and extracellular and intracellular staining and fixing was conducted as described above.  

 

Ex-vivo IL-10 stimulation  

Mo-AMs (defined as Viable/CD45+/CD64+ MerTK+/SiglecFlo/CD11b+ subset) were sorted from 

the lungs of young (8-week-old) and aged (70-week-old) mice, seven days post bleomycin 

treatment. Cells from four animals per groups/age were sorted and pooled together. From this 
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pool, 3 wells i.e technical replicates of each age group were seeded ex-vivo on a 96 well plate 

at 50,000 cells/well in RPMI 1640 containing 3% FCS and 1% penicillin-streptomycin (PS; 

Sigma) and stimulated with either murine IL-10 (eBioscience; 10 ng/ml) or GM-CSF (30 ng/ml, 

PeproTech) or control media for 24 hours. Supernatant was collected for cytokine 

measurement by ELISA/LEGENDPLEX, and cells were lysed in TRIzol Reagent (Invitrogen) 

for subsequent RNA isolation. 

 

Histology 

Lung tissue samples (the left lobe was taken from experiments without BAL collection) were 

fixed in 7.5 % formalin overnight, embedded in paraffin and sectioned (5 µm thickness). 

Sections were stained with Hematoxylin and Eosin (HE), Masson’s Trichrome (Sigma-Aldrich), 

α-smooth muscle actin (Abcam), FoxP3 (D6O8R) rabbit mAb (Cell Signaling) followed by 

staining with DAB substrate (SignalStain® DAB Substrate Kit, Cell Signaling); F4/80 (D2S9R) 

XP® rabbit mAb (Cell Signaling) followed by staining with Vector® Red Substrate Kit, Alkaline 

Phosphatase (Vector Labs); Terminal deoxynucleotidyl transferase dUTP nick end 

labeling (TUNEL) (In Situ Cell Death Detection Kit, TMR Red, Roche)  according to 

manufacturer’s guidelines. 

 

Microscopy 

Whole section image scans were obtained using a Vectra Polaris microscope (PerkinElmer) 

or a TissueFAXS (TissueGnostics) at the Imaging Core Facility of the Medical University of 

Vienna. Images were assessed using QuPath software (Version 3.0), TissueQuest (Version 

7.1) and HALO (Version 3.6.4) and assessment parameters applied to whole image scans 

and to all images within each experiment. For image quantification details see Supplementary 

materials and methods. 

 

Ashcroft score 

Evaluation of the severity of fibrosis was performed by a blinded pathologist and done using 

the Ashcroft scoring system (73).  Both HE staining and Masson’s Trichrome staining were 

utilized for evaluation purposes. Each lung section was examined microscopically using a 10x 

objective. Fibrosis was assessed using a score ranging from 0 to 8 for each microscopic field 

based on the Ashcroft criteria and the mean score was calculated. 

 

Hydroxyproline measurement 

Lungs tissue samples were weighed and snap-frozen prior to the hydroxyproline assay. The 

assay was conducted according to manufacturer’s instructions (Sigma Aldrich, MAK463).  

 

https://en.wikipedia.org/wiki/Terminal_deoxynucleotidyl_transferase


 

                                                                                                                    Farhat et al, 2025, Science Immunology 

 86 

Cytokine and Chemokine analysis  

Tissue and serum cytokines/ chemokines were measured using the LEGENDplex Mouse 

Macrophage/Microglia Panel (BioLegend), Mouse TH panel (BioLegend) and Mouse 

Inflammation panel (BioLegend). Samples were prepared according to the manufacturer’s 

protocols and analysed by flow cytometry. Data analysis was performed using the 

LEGENDplex data analysis software. IL-10 (OPTeia mouse IL-10 ELISA, BD Biosciences) 

and TGF-β (Mouse TGF-beta 1 DuoSet ELISA, R&D Systems) were measured using ELISA 

following manufacturer’s instructions.  

 

RNA-isolation and qPCR 

Messenger RNA was isolated with TRIzol Reagent (Invitrogen) or RNeasy Mini and Micro kits 

(Qiagen). For real-time PCR assays, cDNA synthesis was performed using the iScript cDNA 

Synthesis Kit (Biorad), according to manufacturer’s protocol. Real-time PCR was performed 

with SYBR Green Master Mix reagents (Applied Biosystems) on a StepOnePlus Real-Time 

PCR System (Applied Biosystems). Transcript levels were normalized to Gapdh. 

 

Bulk RNA-seq (Quant-seq) 

Lung immune cells from recipients of young and aged bone marrow (7- and 14-days post-

bleomycin) were sequenced using the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for 

Illumina (Lexogen). Sequencing was performed on an Illumina NovaSeq 6000. RNA 

sequencing data were mapped to the GRCm39 (mm10) mouse genome using STAR v2.7.9a 

and analyzed for differential expression with limma-voom (limma v3.50.3). Normalized counts 

(log2(CPM)) were used for downstream analysis, including PCA, cell-cell interaction 

(CellChat), and quality control. Further details on library preparation/bioinformatics analysis 

are in the supplementary methods section. 

 

Single cell RNA-seq  

Single-cell RNA-seq was performed on BAL cells collected on day 7 post-bleomycin 

challenge from four male, 8-week-old mice. Cells were processed and sequenced using the 

Chromium Next GEM Single Cell 3’ Reagent Kits v3.1 on an Illumina HiSeq 4000. Data were 

aligned and processed with the CellRanger pipeline and analyzed using Seurat v4.1.1 in R 

v4.2.0. For further details, see supplementary methods. 

 

Analysis of data from Human Lung Cell Atlas  

The Human Lung Cell Atlas (HLCA) v1.0 dataset was analyzed (49), using studies by 

Banovich and Kropski (2020), Kaminski (2020), Lafyatis Rojas (2019), Lambrechts (2021), 

Meyer (2019, 2021), Misharin Budinger (2018), Wunderlink (2021), and Zhang (2021). 
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Comparisons were made across lung conditions (healthy, COVID-19, IPF) and age groups 

(young ≤40 years, aged >40 years) for cell types: classical monocytes (cMo), non-classical 

monocytes (nMo), alveolar macrophages (AM), interstitial macrophages (iMac), AM 

proliferating, CD4 T cells (Th), and regulatory T cells (Treg). Further details are provided in 

the supplementary methods section. 

 

Statistical analysis:  

Data was analysed using Prism (GraphPad Prism 8.0-10.2.3; GraphPad Software Inc, San 

Diego, CA) and data is presented as mean ± SD or mean ± SEM (information for individual 

figures is in the corresponding figure legend). For comparisons between two groups, Student’s 

two tailed t test, Mann-Whitney test or multiple t tests followed by Holm-Šídák test was used. 

For comparison between multiple groups, a one-way (one treatment condition) or two-way 

ANOVA (two treatment conditions/ different time points), followed by a Tukey’s multiple 

comparison test, Dunnett’s multiple comparison test, Šídák's multiple comparisons test, or a 

Bonferroni's multiple comparisons test (see Figure legends) with a single pooled variance. A 

log-rank (Mantel-Cox) test was used for survival curves. Statistical significance: ns, not 

significant; *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001. Statistical analysis for the 

RNA-seq analysis is presented in the respective methods section.  
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young and aged bone marrow  
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D7 and D14 following bleomycin injury. 

Fig. S5. Aged bone marrow derived monocytes/Mo-AMs outcompete young cells when 
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recipients. 
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Supplementary materials and methods 

 

Mice strains:  

Ubiquitously green fluorescent protein (UBC-GFP) mice (UBC-GFP mice (C57BL/6-

Tg(UBC-GFP)30Scha/J) (74) and B6 CD45.1 (B6.SJL-Ptprca Pepcb/BoyJ) were originally 

purchased from Jackson Laboratories (JAX stock #004353 and #002014) and bred in-house. 

TCR-α -/- (B6.129S2-Tcratm1Mom/J) (75) and IL-10 -/- (B6.129P2-Il10tm1Cgn/J) (76) mice were 

backcrossed and bred with in-house C57BL/6J mice. DEREG (depletion of regulatory T cells) 

Foxp3-EGFP mice (C57BL/6-Tg (Foxp3-DTR/EGFP)23.2Spar/Mmjax) (77) and Foxp3-DTR 

mice (B6.129(Cg)-Foxp3tm3(Hbegf/GFP)Ayr/J) (52) were bred and housed at the Core 

Facility Laboratory Animal Breeding and Husbandry, Medical University of Vienna. 

https://zenodo.org/records/14532104
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ROSA26iDTR mice (Rosa26Idtr Gt(ROSA)26Sortm1(HBEGF)Awai/J) (78), originally purchased 

from Jackson Laboratories and bred in-house, were used as controls for experiments with 

DEREG and Foxp3-DTR mice. Cage bedding was mixed between the cages for DEREG or 

Foxp3-DTR mice and Rosa26iDTR controls prior to and throughout the experiment to control 

for microbiome derived cage effects. DEREG mice were used to replicate partial depletion of 

Foxp3+ Tregs as seen with hematopoietic ageing (77). This incomplete depletion in DEREG 

mice is attributed to the BAC transgene's inability to fully replicate endogenous Foxp3 

expression, allowing some Treg cells that do not express the BAC transgene to escape DT-

mediated depletion. 

 

Bone marrow transplant (whole body lethal irradiation and irradiation with thoracic shielding) 

For whole body irradiation and bone marrow transplant, 7–9-week-old young mice (C57BL/6J) 

or 60–65-week-old, aged mice (C57BL/6J) were lethally irradiated at a dose of 6 Gy delivered 

twice (2 x 6 Gy) using a XYLON Maxishot (YXLON International GmbH), with a 3-hour gap 

between each dose. 4 x 106 bone marrow cells were injected retro-orbitally (r.o) in 100 µl PBS, 

4 hours after the final irradiation with mice maintained under light isoflurane anesthesia (2% 

isoflurane 2 L/min O2). Bone marrow cells were harvested from young (8–10 weeks old) or 

aged (70–75 weeks old) UBC-GFP mice and CD45.1 mice, TCR-α-/- mice, Foxp3-DTR mice 

(8-12 weeks old), Rosai26DTR mice (8-12 weeks old) and IL-10-/- mice (7–10 weeks old), from 

the femur and tibia. The epiphyses were cut, and bones were flushed through using a 1 ml 

syringe (with 27 g needles) pre-filled with RPMI-1640 (Gibco) medium passed through a 70 

µm filter, counted and resuspended in 100 µl PBS prior to injection into recipient mice. For 1:1 

bone marrow chimeras, 2 x 106 cells from each genotype were mixed before injection into 

recipients. Mice were housed for 2 months post irradiation and bone marrow transplant to 

allow for complete cell reconstitution before the start of the respective experiments. For 

irradiation with thoracic shielding, mice were anesthetized with Ketasol (100 mg/kg; OGRIS 

Pharma) and Rompun (10 mg/kg; Bayer) and placed dorsally with a lead shield (3 mm 

thickness, 25 mm x 25 mm in size; GoodFellow) covering the thoracic cavity during irradiation. 

Mice were irradiated once with a dose of 9 Gy (maximum irradiation dose that did not lead to 

baseline depletion of lung tissue resident alveolar macrophages with shielding), and 4 hours 

post irradiation injected retro-orbitally with bone marrow cells as described above while placed 

under light isoflurane anesthesia (2% isoflurane 2 L/min O2). 

Anti-IL-10 treatment 

8–10-week-old WT (C57BL/6J) mice were treated with an anti-IL-10 antibody (clone 

JES5.2A5) administered intranasally under light isoflurane anesthesia (2% isoflurane 2 L/min 

O2) in a total volume of 50 µl at a dose of 150 µg anti-IL-10 that was resuspended in endotoxin-

free PBS or with 50 µl of PBS (controls) per timepoint. Anti-IL-10 was given at D0, D2, D4 and 
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D6 post bleomycin challenge and mice were harvested at D7 or at D7. D9, D11, D13 and 

harvested at D14 (independent experiments). 

Anti-CD25 treatment 

8–10-week-old WT (C57BL/6J) mice were administered i.p with anti-CD25 (Clone PC61) at a 

dose of 500 µg/mouse per timepoint in 200 µl PBS or injected with only PBS (control mice) on 

days -2, 0, 2, 4, 6 prior/post bleomycin challenge - D(-2) to D7) or from D7 to D14. 

Diphtheria-Toxin administration  

 For DEREG mice given DT from D(-2) to D14): DEREG mice and Rosa26iDTR mice were 

administered (i.p) with 50 μg/kg Diphtheria Toxin (Calbiochem) resuspended in 200 µl 

endotoxin free PBS two days prior to bleomycin and with 10 µg/kg every 2 days starting at day 

0 post bleomycin challenge until the end point at D14.  

Foxp3-DTR mice and Rosa26iDTR mice, and recipients of the respective bone marrow (DT 

from D0 to D14 or D7 to D14): Mice were administered (i.p) with 10 µg/kg Diphtheria Toxin 

every 2 days starting at day 0 or day 7, respectively, post bleomycin challenge until the end 

point at D14. Cell depletion was confirmed by flow cytometry from lung tissue.  

Intravascular staining of immune cells 

Mice were placed in under light isoflurane anesthesia (2% isoflurane 2 L/min O2) and 1µg of 

CD45 antibody in 100µl PBS was injected retro-orbitally (i.v). Mice were removed from 

isoflurane anesthesia and sacrificed for organ collection after 3 minutes.   

Cell isolation and organ processing for single cell suspensions 

Bronchoalveolar lavage (BAL), Lung, Bone marrow and Blood 

For flow cytometry analysis, BAL fluid (BALF) was collected by making a midline incision of 

the trachea and the airways/lung were perfused with 1 ml of endotoxin free saline (NaCl) via 

an 18-gauge tracheal cannula (Venflon, BD) in 500 µl instillations. BALF collected from each 

mouse was weighed. BALF samples were centrifuged (300g, 4°C, 10 minutes) and cell pellets 

were resuspended in PBS 1% BSA (BSA; Carl Roth). BAL supernatant was collected and 

stored at -20°C until further analysis. Post lavage lungs or whole lungs (in experimental set 

ups without lavage) were weighed, and homogenized with a gentleMACS™ Tissue 

Dissociator (Miltenyi Biotec) following the manufacturer’s protocol (program m_lung_01_02) 

followed by digestion in RPMI-1640 (Gibco) medium supplemented with 5% FCS (Sigma), 

collagenase I (160 U/mL; Gibco) and DNase I (12 U/mL; Sigma) for 35 minutes (37°C, 180 

rpm agitation) on a shaker. Post a second homogenization (program m_lung_02_01), the lung 

tissue was filtered through a 70 µm strainer (Miltenyi Biotech), centrifuged for 5 minutes (4°C, 

300 g) and the cell pellets were resuspended in ACK lysis buffer (150 mM NH4Cl,10 mM 

KHCO3, 0.1 mM Na2EDTA, pH 7.2 – 7.4; chemicals from Sigma) for erythrocyte lysis and 

incubated on ice for 4 minutes. Erythrocyte lysis was stopped by the addition of 5 ml cold PBS 

1% BSA, suspensions were filtered again over a 30 µm strainer, centrifuged and resuspended 
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in cold PBS 1% BSA for antibody cell staining and fixation. Bone marrow cells for flow 

cytometry were collected from the femur. Femurs were gently crushed using a mortar and 

pestle and resuspended in RPMI medium supplemented with 5% FCS. The cell suspension 

was passed over a 70 µm filter, centrifuged as above and resuspended in PBS 1% BSA for 

antibody cell staining and fixation. 500 µl of blood was drawn from the vena cava and collected 

in EDTA tubes (Greiner Bio-One). 100 µl of blood was resuspended with 5 ml of ACK Lysis 

buffer for the lysis of erythrocytes for 5 minutes at room temperature (RT) and the reaction 

was stopped with an additional 5 ml of PBS 1% BSA. The suspension was centrifuged, and 

the cell pellet was resuspended in PBS 1% BSA for antibody cell staining and fixation. 

 

Flow cytometry.  

Cell suspensions were incubated with anti-mouse CD16/32 (Biolegend) for 15 minutes at RT, 

followed by incubation with fluorescently labelled monoclonal antibodies and Fixable Viability 

Dye eFluor 780 (Thermofisher, 1:3000 dilution) diluted in PBS 1% BSA for 40 minutes at 4°C. 

Antibodies used are listed in Table S1 below. 

Post staining, cells were washed with PBS and fixed for 20 minutes at RT with Fix&Perm 

Fixation Medium A (Nordic Mubio) or True-Nuclear Transcription Factor Buffer Set (Biolegend) 

for intracellular staining following manufacturer’s protocol. For intracellular staining, following 

extracellular surface staining, cells were washed and fixed using the True-Nuclear 

Transcription Factor staining kit (BioLegend) as per manufacturer’s protocol with minor 

modifications. Cells were fixed with 50 µl of True-Nuclear 1X Fix concentrate for 30 minutes 

at RT. Cells were washed and resuspended in 1X TrueNuclear Perm Buffer for a total of three 

times and were then resuspended in 50 µl of 1X TrueNuclear Perm Buffer containing the 

intracellular antibodies and stained at 4°C overnight. Stained and fixed cells were washed in 

PBS and resuspended in a final volume of 200 µl PBS in a 96 well plate and analysed via an 

LSRFortessa (BD Biosciences). Data was analysed using FlowJo software (FlowJo, LLC) up 

to version 10.7.2.  

For cell sorting, cells were isolated from BALF or lung tissue suspensions and resuspended 

in and sorted into cold PBS 2% BSA on a FACSAria™ Fusion flow cytometer (BD). SSC-A 

and FSC-A discrimination was used to remove debris and FSC-A and FSC-H to exclude 

doublet cells. Dead cells and erythrocytes stained with Fixable Viability Dye (efluor 780; 

Bioscience) and anti-mouse TER-119 (APC/Cy7; Biolegend) were excluded. Gating strategies 

used for identifying sorted Mo-AMs and TR-AMs are shown in Fig. S1C. 

 

Bulk RNA-seq (Quant-seq) 

Lung immune cells from recipients of young and aged bone marrow (7- and 14-days post-

bleomycin) were sequenced using the QuantSeq 3’ mRNA-Seq Library Prep Kit FWD for 
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Illumina (Lexogen). Sequencing was performed on an Illumina NovaSeq 6000. RNA 

sequencing data were mapped to the GRCm39 (mm10) mouse genome using STAR v2.7.9a 

and analyzed for differential expression with limma-voom (limma v3.50.3). Normalized counts 

(log2(CPM)) were used for downstream analysis, including PCA, cell-cell interaction 

(CellChat), and quality control. Further details on library preparation and bioinformatics 

analysis are provided in the supplementary materials and methods section. 

RNA-seq analysis was performed on lung immune cells from recipients of young and aged 

bone marrow, 7- and 14-days post bleomycin challenge. Cells (30,000-80,000) were sorted 

from the lungs into cold PBS 2% BSA, and the pellet resuspended in RLT Buffer (Qiagen). 

RNA was isolated using the RNeasy Micro kit (Qiagen). Post isolation, RNA was precipitated 

with ice cold absolute ethanol, 3 M Sodium Acetate (NaOAc pH 5.2; ThermoFischer) and 

Linear Polyacrlamide (LPA; Sigma Aldrich) overnight and resuspended in 10 µl of 10 mM Tris 

buffer (pH 8.0; Invitrogen). RNA concentration was measured by fluorometric (Qubit) analysis 

For Quant-seq, libraries were prepared using the QuantSeq 3’ mRNA-Seq Library Prep Kit 

(FWD) for Illumina (Lexogen) in combination with the PCR Add-on Kit for Illumina (Lexogen) 

and the UMI Second Strand Synthesis Module for QuantSeq FWD (Lexogen), following the 

manufacturers’ protocol (Low input protocol). Libraries were prepared with an input of 10 ng 

RNA and 12–18 amplification cycles. Sample quality was assessed on a Bioanalyzer 2100 

(Agilent Technologies) and a Tapestation (Agilent Technologies). 75bp single-end sequencing 

was performed by the Biomedical Sequencing Facility (BSF, Center of Molecular Medicine 

and Medical University of Vienna) on a NovaSeq6000 (Illumina). 

Demultiplexing raw BAM files were obtained from the Biomedical sequence facility (BSF) and 

converted to FASTQ files with picard SamToFastq (v.2.25.5). Adapter sequences (--fastqc –

length 15) and polyA sequences (--length 15 --adapter A {20] –stringency 20 -e 0) were 

trimmed with Trimgalore (v.0.6.6). The mouse reference genome GRCm39 (mm10) was used 

as reference for read alignment. The reference indexing and read mapping 

(outFilterMismatchNoverLmax=0.1) was done with STAR (v.2.7.9a). The featureCounts 

function (countMultiMappingReads=FALSE GTF.featureType="gene") from the R Rsubread 

(v.2.8.2) package was used to generate gene-based count matrices. Gene names were 

converted from Ensemble to MGI symbol format with biomaRt (v.2.50.3) based custom scripts. 

The reference GTF file's biotype information was used to identify and remove rRNA genes. 

Count expression values were normalized to log2(CPM) using TMM normalized library sizes 

implemented with the edgeR package (v.3.36.0), specifically using the calcNormFactors and 

cpm functions. The library size, rRNA ratio, and the median log2(CPM) were computed to 

assess the overall quality of the samples. For identifying outlier samples, the data was split by 

cell type, and the limma package (v.3.50.3) was employed to compute the voom sample 

quality weight, considering the group variables (mouse age and sampling time point). Only the 
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four highest scoring samples were retained. Finally, the first two principal components were 

plotted, and outlier samples were visually identified based on both the principal component 

plot and the sample quality scores obtained previously. 

For differential expression analysis count matrix and meta data were first subset by the 

respective sample groups. The genes of the log2(CPM) count matrix were then filtered to only 

retain genes whose expression was greater than the CPM threshold in at least two samples 

of a group. The CPM threshold was derived by dividing the value 5 by the mean normalized 

library size before scaling to one million. For differential expression analysis the limma (3.50.3) 

package with voomWithQualityWeights and default settings for the lmFIt and eBayes steps 

were used. For the model matrix, the formula ~0+group was used for comparison with more 

than two groups and the decideTest function was used with the method set to global to adjust 

for p-values for multiple group comparison. For variance stabilization the count data matrix 

was transformed with the rlog function from the DESeq2 (v.1.34.0) package prior PCA 

computation with the plotPCA function. The output was returned as data table and plotted with 

a custom ggplot2 script. For cell-cell interaction analysis we used the R package CellChat 

(v.1.6.0) with reticulate (v.1.28) for python (v.3.8.12) compatibility for machine learning tasks. 

As recommended by the authors (79) we used log (CPM+1) values and set raw.use=TRUE in 

the computeCommunProb function. Otherwise, default settings were used except for adjusting 

the p value threshold of the identifyOverExpressedGenes function to 0.1. For Fig. S4D for 

better visual representation, we selected the largest clusters with a significant difference 

between any one comparison groups that contained genes of Mo-AM marker genes of 

activation, differentiation, pro-inflammatory and pro-fibrotic genes (annotated examples on 

graph), based on literature (16). All clusters and genes are listed in data file S2. 

 

Single cell RNA-seq  

For single cell RNA-seq, BAL was collected on day 7 post bleomycin challenge from four 

male, 8-week-old mice, cells were pooled and sorted into PBS with 0.02% BSA to exclude 

erythrocytes and dead cells. Cell quality was checked, and concentration was adjusted to 

800 cells/µl and 10,000 cells were loaded onto the 10x Chromium controller. Library 

preparation was performed using the Chromium Next GEM Single Cell 3′ Reagent Kits v3.1 

protocol. Libraries were sequenced on an Illumina HiSeq 4000 (86 million reads). Single-cell 

RNA-seq data were aligned and processed by the CellRanger pipeline followed by analysis 

using the Seurat package (v4.1.1) (80) in the R environment (v4.2.0) (R Core Team 2021). 

We performed cell and feature filtering using the following thresholds: nFeature_RNA > 200 

& nFeature_RNA < 2500 & percent.mt < 25. We applied the scTransform method (81) 

implemented in Seurat for normalization and variance stabilization.  
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Analysis of data from Human Lung Cell Atlas  

The full version of the integrated Human Lung Cell Atlas (HLCA) v1.0 (49) was downloaded 

from https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0. The atlas was 

then subset with the following conditions:  The lung condition must be associated with healthy, 

COVID-19, or IPF. The tissue source must be lung or lung parenchyma. The healthy control 

samples must have age or mean of age range annotated. To reduce technical bias, single-

nucleus sequencing data and non-10x library protocols were excluded. This process resulted 

in samples from studies including Banovich and Kropski 2020, Kaminski 2020, Lafyatis Rojas 

2019, Lambrechts 2021, Meyer 2019, Meyer 2021, Misharin Budinger 2018, Wunderlink 2021, 

and Zhang 2021.  

Only the core data set was filtered based on quality matrices. For quality control, we only 

retained cells with at least 800 UMIs, more than 500 features, and less than 15% mitochondrial 

reads. We next split the atlas by donor id and ran doubletfinder from scDblFinder (v1.8.0) (82). 

Next, we used CellTypist (v1.1.0) (83). Immune_All_high.pkl and Immune_All_low.pkl for cell 

type classification without majority voting. The atlas was next subset by cell type using the 

ann_level_4 and transf_ann_level_4_label for the Core and Extended data sets respectively 

to only retain cells labeled as Classical monocytes (cMo), Non-classical monocytes (nMo), 

Alveolar macrophages (AM), Interstitial macrophages (iMac), and CD4 T cells (Th). Next, we 

removed all doublet cells, split the data by study, and filtered out cells by thresholding the 

number of detected features per cell to be higher than the lower 1% quantile of all cells within 

a study. Finally, samples with fewer than 50 cells after quality control were omitted.  Since 

only samples from the core HLCA have full meta data we recovered the sex, smoking status, 

age or age range and tissue digestion protocol for the Extended HLCA samples. The 

categories of the lung condition were simplified to healthy, COVID, or IPF and the tissue 

sampling method categories to BALF or tissue. The samples were stratified by age into young 

(<=40 yrs) and aged (>40 yrs). The lung condition and age class categories were used to 

create a grouping variable (Young Healthy, Aged Healthy, Young COVID, Aged COVID, Aged 

IPF). The cell type labels from level 4 were adjusted as follows. The label interstitial 

macrophages were set to MoAM and cells that were annotated as interstitial Mph perivascular 

or alveolar Mph proliferating on annotation level 5 were set to iMac and AM proliferating, 

respectively. Cells that were classified as regulatory T cells by CellTypist were annotated as 

Treg. The adjusted labels from level 4 were used for all downstream tasks and are referred to 

as cell type labels. To reduce bias in the feature space due to the 3’ 10x and 5’ 10x library 

preparation protocols we subset the feature matrix to only retain protein coding genes and 

features that are detected at any level with both protocols. The procedure yielded 366.122 

cells and 14.247 features.  

https://data.humancellatlas.org/hca-bio-networks/lung/atlases/lung-v1-0
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For visualization tasks the data were integrated with SCVI (v1.1.2) (84). The study was used 

as batch key, the sample id as categorical covariant, and percentage MT reads as continuous 

covariant. The size factor key was set to the sequencing depth per cell prior feature filtering. 

The model was designed with default settings except that two layers were used and a negative 

binomial distribution for the gene likelihood (85). The model was trained for 25 epochs, and 

training evaluation was done by monitoring the reconstruction loss for the train and validation 

sets. We used scanpy (v1.9.6) to compute a neighborhood graph on the ten-dimensional latent 

space (n_neighbors=30) as basis for the UMAP embedding (min_dist=1) and leiden clustering 

(resolution=1, flavor=igraph).  

For differential expression analysis between groups (combined age and disease label) we 

used pseudobatches (86) and the voomLmFit linear model implemented in edgeR (v3.36.0). 

Briefly, the data set was first split by cell type and processed as follows: a gene was deemed 

expressed in a single sample if at least three counts in three cells were detected. Only 

genes that were expressed in at least three samples within any group were kept. The gene 

expression profile of each sample was then summed to create cell type pseudobatches. The 

linear model was fitted with the group variable as fixed effect (~0+group) and the study as 

mixed effect by the means of limma duplicate correlation and blocking. The test statistics 

from the model fit were computed with the limma (v3.50.3) eBayes function and results of 

specific group comparison were fetched with topTable. For gene set enrichment analysis, we 

used the same workflow as we did with the QuantSeq data.  

Plotting and visualization 

For plotting and visualization custom R scripts with ggplot2 (v.3.4.2) and ComplexHeatmap 

(v.2.10.0) were used (Bulk-seq), Seurat visualization tools and custom functions using the 

ggplot2 (v3.4.0) package (ScRNA-seq) and GraphPad Prism 8.0-9.0; GraphPad Software Inc, 

San Diego, CA). 

Microscopy image analysis and quantification 

For quantification of TUNEL+ cells, the algorithm Indica Labs - HighPlex FL.v4.2.14 (HALO 

Version 3.6.4) was used – nuclear detection for DAPI and TUNEL stain.  For detection of 

Foxp3+ and F4/80+ cells, the algorithm Indica Labs – Multiplex IHC v3.4.9 (HALO Version 

3.6.4) was used. F4/80 was detected as a cytoplasm stain and Foxp3 as a nuclear stain. 

Image shown (Fig. S9J) shows a colocalization mask of F4/80 (pink) and Foxp3 (yellow) 

staining (see methods – Histology). For image quantification of Masson Trichrome stained 

area, the algorithm Area Quantification v2.4.3 (HALO Version 3.6.4) was used. 
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Supplementary Figures and legends 

Fig. S1 
 

Fig. S1. Aged mice develop exacerbated lung fibrosis that is accompanied by an increased 
myeloid output at the hematopoietic stem cell level.  
(A-G) Bleomycin (1U/kg) was given intratracheally to 8-week-old or 70-week-old C57BL/6 WT mice with 
end points taken seven (D7) or 14-days (D14) post challenge (n = 4–6) (A) Histological sections of left 
lung lobe taken at D14 post bleomycin challenge stained with Masson Trichrome stain for collagen 
deposition and scored with a modified Ashcroft score. (B) Absolute cell numbers per ml BALF (myeloid 
cell composition). (C) Flow cytometry gating strategy of myeloid cells from the BALF or lung tissue. (D) 
Flow cytometry gating strategy for bone marrow hematopoietic progenitors and mature CD45+ immune 
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cells. (E) Percentage of hematopoietic stem cell progenitors at baseline (D0) in the bone marrow 
expressed as a percentage of lineage negative cells (lineage and gating see Fig. S1D) from young or 
aged mice. (F) Absolute cell numbers of hematopoietic stem cell progenitors at baseline (D0) in the 
bone marrow. (G) Absolute cell numbers of bone marrow immune cells at baseline (D0). (H) Absolute 
cell numbers of peripheral blood immune cells at baseline (D0). (I) Absolute cell numbers of 
hematopoietic stem cell progenitors at D7 post bleomycin in the bone marrow. (J) Absolute numbers of 
bone marrow immune cells at D7 post bleomycin challenge. (K) Absolute numbers of peripheral blood 
immune cells at D7 post bleomycin challenge. Data are representative of two independent experiments. 
Symbols on bar graphs represent individual mice. For (S1A,B) Student’s two tailed unpaired t test, 
(S1E-F)  multiple unpaired followed by Holm-Šídák test and (S1G-K) multiple unpaired t-test was used. 
Error bars represent SEM.*P<0.05, **P< 0.01, ***P<0.001. 
 
 
Fig. S2 
 
 

 
 
Fig. S2. Increased fibrosis at D14 but no difference in initial lung injury between recipients of 
young and aged bone marrow 
 

(A) Lung fibrosis quantified by a modified Ashcroft score of lung histology (D14). (B) Hydroxyproline 
quantification from lung tissue (D14). (C) Total BAL protein (µg/ml) measured from supernatant of 1ml 
BALF collected from lungs of recipients of young or aged bone marrow at D7 post PBS or bleomycin 
treatment. (D) TUNEL staining of lung tissue sections of recipients of young or aged bone marrow at 
D7 post bleomycin treatment. (E) TUNEL score showing percentage of TUNEL+ cells in the whole left 
lobe lung section (quantified by number of TUNEL+ cells out of total cells in the whole lung section). 
Symbols on bar graphs represent individual mice. For (A, B) Mann-Whitney test was used (n=8-9). For 
(C,D) two-way analysis of variance (ANOVA) was used with Tukey’s multiple comparisons test (n=4-7, 
C,D from independent experiments). Error bars represent SEM or SD. *P ≤ 0.05; **P < 0.01; ***P < 
0.001; ns: not significant.  
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Fig. S3 

 



 

                                                                                                                    Farhat et al, 2025, Science Immunology 

 106 

Fig. S3. Myeloid cell composition in the lungs post bone marrow transplant including irradiation 
with thoracic shielding. 
(A-E) Two months post whole body irradiation and bone marrow transplant, recipients of young (8w) or 
aged (70w) bone marrow were given PBS or bleomycin (i.t) (A) Percentage of hematopoietic stem cell 
progenitors in the bone marrow 2 months after bone marrow transplant at baseline (D0); expressed as 
a percentage of lineage negative cells and absolute cell numbers (lineage and gating see Fig. S1D). 
(B) Absolute cell numbers per femur of hematopoietic stem cell progenitors and (C) Absolute cell 
numbers per femur of mature monocytes and neutrophils from the bone marrow at D7 post PBS or 
bleomycin treatment. (D) Absolute cell numbers per ml BALF (myeloid cell composition) (E) Absolute 
cell numbers of lung (post-lavage) immune cells at baseline, 2 months post reconstitution from 
recipients of young (8w) and aged (70w) bone marrow. (F) Absolute cell numbers of immune cells from 
the lung tissue (whole lung tissue) at D7 post PBS or bleomycin treatment. (G-J) Young (8-week-old) 
C57BL/6 WT recipient mice were irradiated with a lead shield placed over the thoracic cavity and then 
transplanted with bone marrow cells from young (8w) or aged (70w) donor mice (GFP+ bone marrow 
cells) and two months post cell reconstitution were treated with bleomycin (G) Representative flow 
cytometry plots showing GFP positive and negative cells from the lungs of recipients with thoracic 
shielding at D0/baseline. (H) Flow cytometry plot (showing heatmap statistics of GFP expression) and 
histograms representing expression of macrophage markers (on x-axis) by SiglecFhi TR-AMs and 
SiglecFlo Mo-AMs from the BALF at D7 post bleomycin challenge. Flow cytometry histograms of marker 
expression are normalized to mode. (I) Absolute numbers of GFP positive and negative neutrophils 
from the BALF. (J) Young and aged recipients were transplanted with young or aged bone marrow cells 
– Absolute cell count numbers (myeloid) from the lung tissue at D7 post bleomycin treatment.  Data are 
representative of two or three independent experiments. Symbols on bar graphs represent individual 
mice. For (S3A) multiple unpaired t test followed by Holm-Šídák test and (S3B) multiple unpaired t-test 
was used. For (S3C, S3D, S3F) a two-way ANOVA with post-hoc Šídák's multiple comparisons test 
and (S3J) with a post-hoc Tukey’s multiple comparison test and (S3E, S3I) a Student’s two tailed 
unpaired t-test was used. Error bars represent SEM. *P<0.05, **P< 0.01, ***P<0.001.  
  



 

                                                                                                                    Farhat et al, 2025, Science Immunology 

 107 

 

Fig. S4 

 

Fig. S4. Distinct transitional dynamics of lung Mo-AMs from young and aged bone marrow at 

D7 and D14 following bleomycin injury. 
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(A) Flow cytometry plots showing GFP+ donor Mo-AMs (green colored population) over time at D7, D21 
and D42 from the lungs of recipients of young (8w) and aged (70w) bone marrow with thoracic shielding. 
Black colored population represents GFP– recipient cells. Plots were pre-gated on MerTK+ CD64+ and 
the subsequent GFP+ and GFP– populations overlaid on each other. (B) Percentage of GFP+ 
macrophages that express SiglecF in the lungs of bone marrow recipients with thoracic shielding over 
time. (C) Heatmap showing a selection of significantly differentially expressed genes (DEGs) from 
SiglecFhi TR-AMs, sorted from the lungs at D7 and D14 post bleomycin challenge from recipients of 
young (8w) and aged (70w) bone marrow. Each heatmap shows z-score of log(CPM) normalized 
expression of DEG between D7 and D14 for 8w recipients (left panel) and 70w recipients (right panel). 
Column represents individual samples (n = 3–4). Circle sizes represent the adjusted p-value and circle 
colors indicate the log2 fold change expression at D14 vs D7. Gene list provided in data file S1. (D) 
Heatmap of selected clusters of DEG from lung Mo-AMs from recipients of young (8w) and aged (70w) 
bone marrow sorted at D7 and D14 post bleomycin. Clustering was done on all genes. The clustering 
done by finding all combinations of significant differential expression patterns between the groups. 
Cluster numbers were assigned based on cluster size in descending order. Only selected clusters are 
shown in the figure in the following order of clusters – 10, 6, 7, 11, 16, 28, 4, 13, 14,15, 8, 5. The 
extended cluster list with genes is provided in data file S2. (E) Heatmap depicting selection of DEGs 
(extended gene list in data file. S3) from lung Mo-AMs sorted at D7 post bleomycin challenge. Heatmap 
color represents z-score of log(CPM) normalized expression across both groups per gene. Columns 
represent individual samples. Circle sizes represent the adjusted p-value and circle colors indicate the 
log2 fold change expression of recipients of 70w vs recipients of 8w bone marrow. For (S4A) a two-way 
ANOVA with post-hoc Tukey’s multiple comparison was used, (S4C,E) DEA using Limma and for (S4D) 
a two-way ANOVA using Limma was done. S4D – Colored statistical groups denote genes that are 
significantly upregulated in one group relative to the other specified in the legend. The color specifically 
highlights the group exhibiting the upregulation within the two comparison groups. *P ≤ 0.05; **P < 0.01; 
***P < 0.001; ns: not significant. Error bars represent SEM. 
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Fig. S5 

 
 

Fig. S5. Aged bone marrow derived monocytes/Mo-AMs outcompete young cells when 
transplanted in a 1:1 chimera. 
 

(A-M) Young (8-week-old) C57BL/6J WT recipient mice were lethally irradiated and transplanted with 
bone marrow cells from young (8w, GFP+ bone marrow) and aged (70w, CD45.1 bone marrow) donor 
mice in a 1:1 ratio to generate chimeric mice. 2 months post reconstitution, recipients were given PBS 
or bleomycin – endpoints at D7 or D14. (A) Total chimerism of young (8w, GFP+) and aged (70w, 
CD45.1+) cells in the bone marrow (percentage of total viable cells) and lung (percentage of total CD45+ 
cells) after PBS or bleomycin treatment at D7. (B) Immune cell chimerism in the bone marrow in PBS 
mice – expressed as percentage of young (8w, GFP+) and aged (70w, CD45.1+) cells within each bone 
marrow immune cell population and (C) within each lung immune cell population. (D) Absolute cell 
numbers of 8w and 70w cells in bone marrow and (E) lung of PBS control mice. (F) Immune cell 
chimerism in the bone marrow at D7 post bleomycin challenge– expressed as percentage of young 
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(8w, GFP+) and aged (70w, CD45.1+) cells within each bone marrow immune cell population and (G) 
within each lung immune cell population. (H) Absolute cell numbers of 8w and 70w cells in bone marrow 
and (I) lung at D7 post bleomycin challenge. (J) Percentage of young (8w, GFP+) and aged (70w, 
CD45.1+) Mo-AMs expressed as a percentage of CD45+ cells in the lungs. (K) Percentage of young 
(8w, GFP+) and aged (70w, CD45.1+) TR-AMs expressed as a percentage of CD45+ cells in the lungs. 
(L) Lung histology (left lobe) sections stained with Masson Trichrome and (M) Quantification of Masson 
Trichrome stained area from lung histology sections (as a % of entire left lobe) at D14 post bleomycin 
challenge of recipients reconstituted with young (8w) bone marrow cells (grey bar), aged (70w) bone 
marrow cells (purple bar) and young (8w):aged (70w) bone marrow chimera (1:1). For (S5A) a paired 
two-tailed t-test ,(S5B-I) a Student’s two tailed t test or multiple Student’s t test with Welch correction, 
(S5J-K) a Wilcoxon matched-pairs signed rank test was used for each timepoint, (S5M) a one-way 
ANOVA with post-hoc Šídák's multiple comparisons test was used. Error bars represent SD or SEM.  
*P ≤ 0.05; **P < 0.01; ***P < 0.001; ns: not significant.  
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Fig. S6  
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Fig. S6. Decreased levels of Il10 gene expression in the lung tissue of aged bone marrow 
recipients. 
(A) Cytokine analysis from lung homogenates of recipients of young (8w) and aged (70w) bone marrow 
at D7 post bleomycin. (B) Expression of genes from the lung tissue homogenate analysed by real-time 
qPCR with CT values relative to Gapdh. Heatmap shows z-score of 2^-(ddCT) values calculated across 
both groups per gene (n=5/group). (C-E) 8-week-old C57BL/6J mice were given bleomycin and 
intranasally (i.n) treated with anti-IL10 antibody or PBS every second day (D0-D7 or D7-D14). (C) 
Predicted percentage of mice that would have survived post D7 according to body weight loss at D7. 
(D) Representative flow cytometry plots showing cells pre-gated on MerTK+ CD64+ in the lung (E) 
Percentage of lung Mo-AMs co-expressing CD206 or CD86. (F–G) Single cell RNA-seq analysis from 
the BALF of 8-week-old mice at D7 post bleomycin challenge. (F) Heatmap of genes expressed in 
Clusters 0, 1, 2. Each line represents a cell and each row the corresponding labelled gene. (G) 
Expression plot of Mafb and Mmp14. (H) Absolute values (pg/ml) of cytokine secretion analysis from 
supernatant of cultured Mo-AMs, 24 hours post seeding and stimulation with cell culture media alone 
or with IL-10. Symbols represent technical replicates. (I) Gene expression analysis (RT-qPCR) from 
cultured Mo-AMs, 24 hours stimulation with cell culture media or IL-10 expressed as 2^-(ddCT) relative 
to Gapdh. Symbols represent technical replicates.  (J) Absolute values (pg/ml) of cytokine secretion 
analysis from supernatant of cultured Mo-AMs, 24 hours post seeding and stimulation with GM-CSF. 
For (S6A, S6E) Student’s two tailed unpaired t test, (S6B) multiple unpaired t-tests, (S6H-J) a two-way 
ANOVA with post-hoc Tukey’s multiple-comparison tests. Error bars represent SEM.*P ≤ 0.05; **P < 
0.01; ***P < 0.001; ns: not significant. 
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Fig. S7 
 

 
Fig. S7. The IL-10 producing CD4+ T cell composition in the lung is altered between recipients 
of young and aged bone marrow. 
(A) Histograms of intracellular IL-10 staining of lung immune cells (SiglecFhi TR-AMs, SiglecFlo Mo-
AMs, neutrophils, Lyve1+ interstitial macrophages, ILC1, ILCreg, ILC2 and NK cells) and MFI 
quantification of IL-10 by flow cytometry at D7 post PBS or bleomycin (n = 6–9). (B) Histograms of 
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intracellular IL-10 staining of CD4+ CD25– and CD4+ CD25+ cells and MFI quantification of IL-10 at D7 
post PBS or bleomycin. (C) Absolute number of CD4+ T cells (PBS or bleomycin) at D7. (D) Gating 
strategy of CD4+ T cells, IL-10+ CD4 T cells and T helper cells. (E) Percentage of CD4+ Foxp3+ cells of 
total IL-10+ immune (CD45+) cells in the lungs. (F) Absolute cell numbers of Tr1 (CD49b+ Lag3+ cells in 
the lung at D7 post PBS or bleomycin treatment and representative flow cytometry plot.  (G) Absolute 
numbers of lung CD4+ Rorγt+ and CD4+ Tbet+ cells at D7 post bleomycin from recipients of 8w and 70w 
bone marrow.  (H) Flow cytometry plots showing the average percentage of GFP- (host-derived) 
radioresistant CD45+ cells two months post-irradiation, the average percentage of GFP- (host-derived) 
radioresistant Foxp3+ cells (gated from CD4+ CD25+ Foxp3+) two months post-irradiation and bleomycin 
treatment at D7 and (I) presence/absence of GFP- (host-derived) radioresistant Foxp3+ IL10+ cells (pre-
gated from total CD4+ CD25+ Foxp3+ cells) two months post-irradiation and bleomycin treatment at D7 
in recipients of young bone marrow.  (J) Expression histograms of intracellular IL-10 staining of CD4+ 
CD25+ Foxp3+ and MFI quantification of IL-10 by flow cytometry and (K) absolute numbers of indicated 
cells from naturally young and aged WT mice at D7 post bleomycin. (L) Absolute values (pg/ml) of lung 
cytokines (from lung homogenate) at D7 post bleomycin in lungs of recipients of 8w and 70w bone 
marrow that were irradiated with thoracic shielding.   Data is representative of two or three independent 
experiments. Symbols on bar graphs represent individual mice. For (S7A-C, S7F) a two way ANOVA 
with post-hoc Tukey’s multiple comparison ,(S7E) with post-hoc Šídák's multiple comparisons test, 
(S7G, J, K) Student’s two tailed unpaired t test and (S7L) multiple unpaired t-tests were used. Error 
bars represent SEM.*P ≤ 0.05; **P < 0.01; ***P < 0.001; ns: not significant. 
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Fig. S8 

 

 

Fig. S8. Foxp3+ Treg subsets are altered with age/an ageing bone marrow in mice and humans. 
(A-C) Characterization of lung Foxp3+ cells from recipients of 8w and 70w bone marrow at D7 post 
PBS/ bleomycin challenge (A) Absolute cell numbers of CD4+ Foxp3+ cells co-expressing ICOS, GITR 
and TIGIT. (B) Flow cytometry plots of T-bet+ Foxp3+ cells. (C) Percentage of CD4+ Foxp3+ cells co-
expressing Tbet, Rorγt or Gata3. (D-F) The Human Lung Cell Atlas (HLCA) was used to analyze 
samples from Young Healthy, Aged Healthy, Young COVID, Aged COVID and Aged IPF patient 
samples. (D) UMAP showing classical monocytes (cMo), non-classical monocytes (nMo), monocyte-
derived alveolar macrophages (Mo-AMs), alveolar macrophages (AMs), proliferating AMs, interstitial 
macrophages (iMacs), Tregs and other CD4+ T cells (Th). (E) Marker genes used to verify cell 
annotations. (F) Heatmap showing expression of selected genes categorized as TR-AM-like, Mo-AM-
like and profibrotic, with a z-score per gene across all groups.   Data is representative of one or two 
independent experiments. Symbols on bar graphs represent individual mice. For (S8A) a two-way 
ANOVA with post-hoc Tukey’s multiple-comparison tests and (S8C) a Student’s two tailed t test, (S8F) 
DEA analysis p-values (Limma) between indicated groups are shown on graph (data file S9).  *P ≤ 0.05; 
**P < 0.01; ***P < 0.001; ns: not significant. Error bars represent SEM.   
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Fig. S9 

 

Fig. S9. Loss of T cell-mediated IL-10 promotes lung fibrosis. 

(A) Experimental set up for (A–F) 8-week-old mice were irradiated and transplanted in a 1:1 ratio of 
bone marrow cells in the following groups: (WT (8w): WT (8w); (WT (70w): WT (70w); (TCR-α-/-: young 
WT); (TCR-α--/- : IL-10-/-) and (WT (8w): IL-10-/-). TCR-α-/- and IL-10-/-  mice were 8-weeks old. BM 
chimeras were challenged with bleomycin 2 months post-transplant (n = 5–7 per group). (B) Body 
weight curve until D14 post bleomycin challenge. (C) Histological sections of left lung lobe taken at D14 
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post bleomycin challenge stained with Masson Trichrome stain for collagen deposition. (D) ELISA of 
IL-10 from lung homogenates taken at D7 post bleomycin. (E) Absolute number of Mo-AMs from bone 
marrow chimeras at D7 post bleomycin. (F) Mo-AM numbers expressed as a percentage of CD64+ 
MerTK+ cells at D14.  (G) CellChat analysis from transcriptomic data of sorted lung cell populations 
from recipients of young and aged bone marrow, showing relative information flow of significant 
signaling pathways between CD4+ CD25+ T cells (source) and Mo-AMs (target). (H-I) Fluorophore 
labelled anti-CD45 antibody was administered (i.v – intravenous) prior to organ collection at D7 post 
bleomycin challenge. (H) Flow cytometry plots showing CD45+ (i.v) against Foxp3+ expression in from 
lungs of recipients of young and aged bone marrow and control (no CD45 (i.v) administration) in the 
right panel. (I) Absolute cell numbers of CD45 (i.v) negative (intraparenchymal) and CD45 (i.v) positive 
Foxp3+ cells (intravascular). (J) F4/80+ (pink) and Foxp3+ (yellow) staining of lung tissue sections of 
recipients of 8w or 70w bone marrow at D7 post PBS (left panel) and bleomycin (right panel) treatment. 
Stains shown are colocalization masks. For (S9B) a two-way ANOVA with post-hoc Dunnett’s test, 
(S9D-F) a one-way ANOVA with post-hoc Dunnett’s test and (S9I) Student’s two tailed unpaired t-test 
was used. *P ≤ 0.05; **P < 0.01; ***P < 0.001; ns: not significant. Error bars represent SEM. 
Fig. S10 
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Fig. S10. Depletion of Tregs during the fibrotic development phase and/or loss of Treg -derived 
IL10 leads to Mo-AM accumulation. 
Experimental set up for (A-J) 8-week-old C57BL/6J mice were treated i.p. with anti-CD25 mAb or PBS 
between (i) D-2 and D7 (B-E), with the end point at D7; or (ii) between D7 and D14 (F-J) with the end 
point at D14 post bleomycin challenge (B) Flow cytometry plots showing lung CD25+ CD4+ T cells from 
mice, which received anti-CD25 antibody or PBS, analyzed at D7 post bleomycin and absolute numbers 
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of CD25+ and Foxp3+ T cells on D7. (C) Body weight curve showing percentage of initial body weight 
loss until D7 post bleomycin. (D) ELISA of IL-10 from lung homogenates taken at D7 post bleomycin. 
(E) Absolute cell numbers of lung Mo-AMs at D7 post bleomycin and anti-CD25/PBS treatment. (F) 
Flow cytometry plots showing lung (top) and blood (bottom) CD25+ T cells from mice, which received 
anti-CD25 antibody or PBS, analysed at D14 post bleomycin. (G) Body weight curve showing 
percentage of initial body weight loss from D0 to D14 post bleomycin. (H) Representative flow cytometry 
plots showing percentage of SiglecF and CD11b-expressing cells (Mo-AMs and TR-AM) pre-gated on 
MerTK+ CD64+ cells. (I) Percentage of TR-AMs and Mo-AMs expressed as a percentage of CD64+ 
MerTK+ lung cells. (J)  Absolute cell numbers of lung Mo-AMs at D14 post bleomycin and anti-
CD25/PBS treatment. (K–M) DEREG mice or Rosa26iDTR control were given bleomycin (i.t) and DT 
(i.p) every second day starting from D-2 to D14 pre/post bleomycin, data shown is from the lungs at 
D14 post bleomycin and DT-treatment.  (K) Representative flow cytometry plots showing Foxp3+ Tregs 
in the lungs. (L) Absolute cell numbers of lung Foxp3+ IL-10+ cells, Foxp3+ IL10-, T-bet+ cells and Rorγt+ 
cells. (M) Absolute values (pg/ml) of lung cytokines. (N-R) Foxp3-DTR or Rosa26iDTR controls were 
given bleomycin at D0, followed by DT (i.p) starting at D7 until the endpoint at D14, every two days, 
data shown is from the lungs/body-weight loss at D14 post bleomycin and DT-treatment. (N) 
Representative flow cytometry plots showing Foxp3+ cells in the lungs of Rosai26DTR or Foxp3-DTR 
mice. (O) Absolute cell numbers of lung Foxp3+ cells. (P) Body weight curve showing percentage loss 
of initial body weight from D0 to D14 post bleomycin challenge. (Q) Hydroxyproline quantification from 
lung tissue (D14). (R) Percentage of lung Mo-AMs co-expressing CD206 or CD86. (S) Experimental 
set up for (T-V). Young recipient mice were transplanted with either Foxp3-DTR or Rosai26DTR bone 
marrow cells. Post cell reconstitution, mice were challenged with PBS or bleomycin and administered 
DT (i.p) at the shown timepoints between D0-D14 or D7-D14. (T) Absolute cell counts of Tregs in the 
lungs at D14 post bleomycin. (U) Body weight curve showing percentage loss of initial body weight from 
D0 to D14 post bleomycin challenge. (V) Percentage of Mo-AM in the lungs at D14, expressed as a 
percentage of total CD64+ MerTK+ cells. For (S10B, S10D-E, S10J-L, S10O) , Student’s two tailed 
unpaired t test was used, (S10I) multiple unpaired t-tests, (S10M) Mann-Whitney test. (S10C, S10P, 
S10U) a two-way ANOVA with post-hoc Tukey’s multiple comparison and (S10T, S10V) with post-hoc 
Šídák's multiple comparisons test was used. Error bars represent SEM.*P ≤ 0.05; **P < 0.01; ***P < 
0.001; ns: not significant.  
 
 
Fig. S11 

Fig. S11. Loss of IL-10 producing Tregs leads to Mo-AM accumulation. 
Data from (Foxp3-DTR : WT (8w); (Foxp3-DTR : WT (70w); (Foxp3-DTR:Foxp3-DTR); (Foxp3-DTR: 
IL-10-/-) chimeras at D14 post bleomycin. (A) Hydroxyproline quantification from lung tissue (D14). (B) 
Absolute cell numbers of lung Tregs. A one-way ANOVA with Dunnett’s and Dunnett’s T3 multiple 
comparisons to the Foxp3-DTR:WT (8w) group as the control was used. *P ≤ 0.05; **P < 0.01; ***P < 
0.001; ns: not significant. Error bars represent SEM.  
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Table S1 

Marker 
Name 

Fluorophore 
(Color) 

Company Product 
ID 

Clone RRID Dilution used 
for 
(1x10^6/100ul 
or similar 
ratio) 

B220 PE BioLegend 103208 RA3-6B2 AB_312993 1/200 

CCR2 BV421 BioLegend 150605 SA203G11 AB_2571913 1/100 

CD11b Alexa Fluor 
700 

BioLegend 101222 M1/70 AB_493705 1/100 

CD11b BV605 BioLegend 101257 M1/70 AB_2565431 1/100 

CD11c PerCP/Cy5.5 BioLegend 117328 N418 AB_2129641 1/100 

CD16/3
2 

Pe-Cy7 BioLegend 101318 93 AB_2104156 1/100 

CD16/3
2  

NA BioLegend 101320 93 AB_1574975 1/50 

CD19 PE/Dazzle 594 BioLegend 115554 6D5 AB_2564001 1/200 

CD19 PE BioLegend 152408 1D3/CD19 AB_2629817 1/200 

CD206 AF647 BioLegend 141712 C068C2 AB_10900420 1/100 

CD25 FITC BD 
Biosciences 

558689 7D AB_1645241 1/100 

CD25 PE BioLegend 102008 PC61 AB_312857 1/100 

CD25 PerCP-Cy5.5 Thermo 
Fisher 
Scientific 

45-0251-
82 

PC61 AB_914324 1/100 

CD3 BV605 BioLegend 100237 17A2 AB_2562039 1/100 

CD3 AF700 BioLegend 100216 17A2 AB_493697 1/100 

CD3 PE/Dazzle 594 BioLegend 100246 17A2 AB_2565883 1/100 

CD3 PE BioLegend 100206 17A2 AB_312663 1/200 

CD31 PE BioLegend 160204 W18222B  AB_2876567 1/200 

CD34 PerCP/Cy5.5 BioLegend 119328 MEC14.7 AB_2728137 1/100 

CD4 PerCP-Cy5.5 BioLegend 100434 GK1.5 AB_893324 1/100 

CD44 APC BioLegend 103012 IM7 AB_312963 1/100 

CD45 BV510 BioLegend 103138 30-F11 AB_2563061 1/100 

CD45.1 APC BioLegend 110714 A20 AB_313503 1/100 

CD45.1 Pe-Cy7 BioLegend 110730 A20 AB_1134168 1/100 

CD45.1 Pacific Blue BioLegend 110722 A20 AB_492866 1/100 

CD45.2 PE/Dazzle 594 BioLegend 109846 104 AB_2564177 1/200 

CD49b Pacific Blue BioLegend 108918 DX5 AB_2265144 1/200 

CD64 PE/Cy7 BioLegend 139314 X54-5/7.1 AB_2563904 1/100 

CD64 PE/Dazzle 594 BioLegend 139320 X54-5/7.1 AB_2566559 1/100 

CD86 PE-Cy7 Thermo 
Fisher 
Scientific 

25-0862-
82 

GL1 AB_2573372 1/100 

CD8a BV605 BioLegend 100744 53-6.7 AB_2562609 1/100 

CD8a AF700 BioLegend 100730 53-6.7 AB_493703 1/100 

CD90.2 Pe-Cy7 BioLegend 105326 30-H12 AB_2201290 1/100 

c-kit AF700 BioLegend 105846 2B8 AB_2783046 1/100 

Epcam PE BioLegend 118206 G8.8 AB_1134172 1/200 

F4/80 FITC BioLegend 123108 BM8 AB_893502 1/100 
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F4/80 APC BioLegend 123116 BM8 AB_893481 1/100 

F4/80 PE BioLegend 123110 BM8 AB_893486 1/200 

Fixable 
Viability 
dye 

eFluor 780  Invitrogen 65-0865-
14 

n/a n/a  1/3000 

Foxp3 APC Thermo 
Fisher 
Scientific 

17-5773-
82 

FJK-16s AB_469457 1/100 

Gata3 Pe-Cy7 BD 
Pharminge
n 

560405 L50-823 AB_1645544 1/100 

GITR Pe-Cy7 BioLegend 126318 DTA-1 AB_2563386 1/100 

GR1 PE BioLegend 108408 RB6-8C5  AB_313373 1/200 

ICOS PE Thermo 
Fisher 
Scientific 

12-9942-
82 

7E.17G9 AB_466274 1/100 

IL-10 BV421 BioLegend 505021 JES5-16E3 AB_10900417 1/100 

IL-10 PE/Dazzle 594 BioLegend 505033 JES5-16E3 AB_2566328 1/100 

IL-7R APC BioLegend 135012 A7R34 AB_1937216 1/100 

Lag3 BV605 BioLegend 125257 C9B7W AB_3106205 1/100 

Ly6C BV605 BioLegend 128036 HK1.4 AB_2562353 1/200 

Ly6C PE BioLegend 128008 HK1.4 AB_1186132 1/200 

Ly6G BV510 BioLegend 127633 1A8 AB_2562937 1/100 

Ly6G PE-Cy7 BioLegend 127617 1A8 AB_1877262 1/100 

LyVE1 eFluor 660 Thermo 
Fisher 
Scientific 

50-0443-
82 

ALY7 AB_10597449 1/100 

MerTK FITC BioLegend 151504 2B10C42 AB_2617035 1/200 

MerTK APC BioLegend 151507 2B10C42 AB_2650738 1/200 

MHCII/I-
A/I-E 

AF700 BioLegend 107621 M5/114.15.1 AB_493726 1/200 

MHCII/I-
A/I-E 

Pacific Blue BioLegend 107620 M5/114.15.2 AB_493527 1/200 

NK1.1 APC BioLegend 108709 PK136 AB_313396 1/100 

NK1.1 BV605 BioLegend 108739 PK136 AB_2562273 1/100 

RorγT PE/Dazzle 594 BD 
Biosciences 

562684 Q31-378 AB_2651150 1/100 

Sca-1 BV605 BioLegend 108134 D7 AB_2650926 1/100 

Siglec-F PE BD 
Pharminge
n 

552126 E50-
2440 (RUO) 

AB_394341 1/100 

Siglec-F PerCP/Cy5.5 BD 
Pharminge
n 

565526 E50-
2440 (RUO) 

AB_2739281 1/100 

ST2 APC BioLegend 145306 DIH9 AB_2561917 1/100 

T-bet PE BioLegend 644809 4B10 AB_2028583 1/100 

TIGIT PE/Dazzle 594 BioLegend 142110 1G9 AB_2566573 1/100 

Table S1: List of antibodies used for flow cytometry and cell sorting. 
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Chapter 3 

Extended Discussion  
 

Over time and age, tightly regulated processes that maintain homeostasis, repair and 

resolution begin to deteriorate. A number of confounding factors right from the epigenetic to 

the macro-organ level drive this decline over time. Given the population and societal shifts we 

currently see, reducing disease burden that accompanies aging is a priority. Therefore, 

understanding the basic mechanisms that drive age-related disorders is essential (Budinger 

et al, 2017). Pulmonary fibrosis remains one of the most devastating chronic lung diseases 

with age being by far the most significant risk factor. The majority of cases occur in individuals 

over 60, yet the precise biological mechanisms linking aging to fibrosis remain incompletely 

understood (Raghu et al., 2006). Despite a number of clinical trials and decades of research, 

lung transplant is the only current cure.  Research on aging-related fibrosis has focused 

extensively on epithelial dysfunction, (Watanabe et al., 2021), that impair epithelial 

regeneration and increase susceptibility to lung injury, contributing to fibrotic remodeling (Yao 

et al., 2021). However, despite growing recognition of the immune system’s role in 

orchestrating aberrant repair and fibrotic responses, it is unknown as how hematopoietic 

aging—specifically, the age of bone marrow-derived immune cells—shapes disease severity 

in lung fibrosis. Given that it is Mo-AMs that fuel lung fibrosis and seem to drive the fate of 

resolution or aberrant repair (Misharin et al., 2017), their age-associated changes are poorly 

understood. The extent to which aging alters Mo-AM differentiation, persistence, and function 

in fibrosis has remained an open question in the field. 

To address this, our study specifically examined the specific contribution of an aged bone 

marrow to the pathogenesis of lung fibrosis, independent of the aging lung epithelium. By 

employing heterochronic bone marrow transplant models, we investigated whether the age of 

hematopoietic-derived immune cells alone is sufficient to drive fibrotic exacerbation. This 

approach allowed us to distinguish the intrinsic impact of aged immune cells from the well-

documented influence of an aging lung tissue. Our findings reveal that the age of the bone 

marrow plays a decisive role in shaping the fibrotic trajectory, not only by increasing Mo-AM 

influx but also by disrupting the regulatory networks that govern their transition to a 

homeostatic phenotype. The results presented in this study challenge the prevailing notion 

that lung fibrosis in aging is primarily an epithelial-driven process and instead highlight the 

critical role of the hematopoietic system in dictating disease outcome. 
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So far the field had assumed that the triggering events that led to an the development of lung 

fibrosis with increasing age was due to age-related changes or dysregulation in the non-

immune compartment, which then led to increased immune infiltration and an altered immune 

and injury response downstream. Alterations in the lung tissue include dysregulation in 

collagen-producing fibroblast activation, in epithelial cell proteostasis or transition, increased 

permeability or leakiness of the epithelial barrier (Watanabe et al., 2021). While these are 

indeed prime drivers of lung fibrosis and are altered with age, dysfunction of the immune 

system, another major player in the development of fibrosis (as described in Chapter 1), occurs 

simultaneously (McQuattie-Pimentel et al., 2021; Strunz et al., 2020; Watanabe et al., 2021). 

Previous studies have largely utilized naturally aged mice to study the role of aging in fibrosis, 

where changes in both the non-immune and immune compartments are present, making it 

impossible to dissect the sole influence of immune aging on disease development. Here, we 

therefore, made use of a heterochronic mouse model, i.e we transplanted young or aged bone 

marrow into young mice. This way we were able to keep the lung tissue (structural cell 

compartment) of young origin and compare the impact young and aged hematopoietic stem 

cells and immune cells. A major finding in our study was that hematopoietic aging was enough 

to drive increased lung fibrosis independent of the age of the lung tissue. A recent study by 

Park et al 2024, observed a similar phenomenon. In their study they discovered that the age 

of the bone-marrow and hematopoietic stem cell niche also drove the susceptibility of lung 

cancer, despite the presence of young stromal cells which were previously also thought to be 

the primary drivers of tumor growth (Park et al, 2024). Our studies together present evidence 

that age-induced alterations stemming from the bone marrow, in the hematopoietic stem cells 

and subsequent immune cells can independently lead to disease in distance organs such as 

the lung.  

Upon tissue injury, inflammatory immune cells such as neutrophils, monocytes and 

lymphocytes are recruited into the area of injury via chemokine gradients, where they clear 

debris, neutralize the acute pathogen and contribute to repair and restoring tissue architecture 

(Gieseck et al., 2018; Pervizaj-Oruqaj et al., 2024a). Studies using animal models often 

complicate this understanding by inducing simultaneous damage across all lung 

compartments, which hinders the ability to isolate the contributions of different lung niche 

components—stromal, immune, epithelial, and endothelial (McQuattie-Pimentel et al., 2021). 

Severe damage, such as that caused by pneumonectomy, hyperoxia, bleomycin-injury affects 

all cellular compartments. Fibrosis, especially in experimental mouse-models such as the 

bleomycin model, is induced upon severe lung injury to the epithelia and the downstream 

dysregulation of the repair response leads to fibrosis (Misharin et al., 2017). So, while a 

heterochronic transplant of hematopoietic cells neatly dissects pre-existing age-related effects 
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of the immune (bone-marrow derived) versus the lung tissue, it still could raise the question of 

whether the disease or repair response was determined by the nature of the recruited cells or 

by the extent of the initial damage to the tissue. At day 7 after treatment with bleomycin, which 

is when the inflammatory phase is at its peak, we saw that an aged bone-marrow led to 

increased inflammation: elevated pro-inflammatory cytokines, numbers of monocytes, 

neutrophils, Mo-AMs. This could potentially suggest that this was because the early injury itself 

was heightened in mice which were transplanted with aged immune cells, resulting in 

increased tissue fibrosis as a downstream consequence of this. To test this, we assessed 

bona-fide readouts of lung injury at this timepoint. This included measuring the amount of 

protein (albumin) present in the bronchoalveolar lavage and the number of apoptotic cells 

(TUNEL+), both quantitative indicators of lung injury (Matute-Bello et al, 2011). While 

bleomycin challenge, did cause a drastic increase in the protein levels and number of apoptotic 

cells compared to PBS-treated mice, this was comparable between mice which received 

young and aged bone marrow, showing the worsened age-dependent fibrosis that we see in 

our model, is unlikely to be caused by differences in the degree of initial lung injury. While it 

could be that markers of lung injury are different between the two groups prior to day 7, very 

early post initial injury, prior studies (Watanabe et al., 2021; Weng et al., 2022) do use day 7 

after bleomycin administration to assess the damage to the lung tissue, supporting our choice 

of assessing the lung at this timepoint. Therefore, although a hypothesis aging immune cells 

alter the tissue’s initial response to lung injury is an interesting plausibility, it does not seem to 

be the case, atleast with the readouts we assessed. A deeper characterization, especially one 

that looks into the epigenetic profile of the lung epithelial cells and fibroblasts that encountered 

aged immune cells (during reconstitution with aged bone marrow-derived immune cells) could 

reveal alterations in their imprinted memory and interactions that then influence their response 

to injury, adding yet another layer to the impact of aging on chronic disease onset.  

As described in the introduction, advanced age brings with it marked alterations in the 

hematopoietic stem cell (HSC) compartment. There is a decline in overall stem cell function 

(de Haan et al, 1997) and a skewed distribution towards myeloid and platelet differentiation 

over lymphocyte production (Grover et al, 2016; Kowalczyk et al, 2015; Rossi et al., 2005). 

This imbalance increases the risk of myeloid-based malignancies. In our model, we wanted to 

understand how these alterations could impact chronic disease in other organs, in our case 

lung fibrosis. We transplanted bone marrow cells from young or aged bone marrow into lethally 

irradiated young recipient mice. While this is an efficient system to dissect the role of the bone 

marrow vs the lung structural cells in lung fibrosis, it could be argued that irradiation induced 

inflammation can damage the HSC niche and induce a myeloid biased skewing of HSC 

differentiation. A previous study examined this and to discern the effect of an irradiated niche 
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on the efficacy of aged HSCs, Kuribayashi et al, 2020 (Kuribayashi et al., 2021) transplanted 

an excess of aged HSCs into an intact young bone marrow niche and observed that despite 

successful engraftment of the aged HSCs, the dysfunctional regeneration and myeloid biased 

output persisted, indicating that was not a result of the myeloablative techniques used. They 

also showed that while a young niche was able to restore the transcriptional profile of aged 

HSCs, it had no impact on the DNA methylation and functional capacity of the aged HSCs, 

highlighting that cell intrinsic alterations with age persist independent of the bone marrow 

microenvironment. We observed that when mice were given bleomycin intratracheally, the 

numbers of myeloid progenitors in the bone marrow increased. Interestingly, this increase was 

much more pronounced in aged bone marrow recipients, whereas young recipients exhibited 

both myeloid and lymphoid progenitor expansion. It is important to note that our transplantation 

procedure involved the transfer of all bone marrow cells, including the existing distribution of 

hematopoietic stem cells (HSCs) in the donor mice. Consequently, the observed bias in 

expansion following bleomycin challenge could potentially be attributed to the initial disbalance 

of HSCs in the recipients. Previous work employing single-cell transplantation strategies of 

young and aged long-term HSCs (LT-HSCs) showed that the myeloid-lymphoid skewing 

persisted in these models, indicating that the observed effect was not solely influenced by the 

number of transplanted myeloid HSCs and that factors beyond the initial distribution of myeloid 

HSCs contribute to the observed bias (Kuribayashi et al., 2021). Furthermore, our results also 

showed that in contrast to HSC compartment of naturally aged mice, which had significant 

differences in myeloid and lymphoid progenitor cell numbers at baseline, eight weeks post-

transplant, these differences were not apparent in bone-marrow recipients. However, with 

bleomycin challenge, the skewing became significant, mirroring what we see in the bone-

marrow of naturally young and aged mice. Recently, two studies have highlighted the critical 

role of an aging bone marrow and hematopoiesis in disease. Ross et al. demonstrated that 

depleting myeloid-biased HSCs in aged mice restores immune balance by reducing 

inflammation and enhancing lymphopoiesis, underscoring the active contribution of 

hematopoietic aging to immune dysfunction (Ross et al, 2024). Another study employed a 

similar heterochronic bone marrow transplant model in the context of lung cancer, showing 

that increased myelopoiesis led to an accumulation of monocyte-derived alveolar 

macrophages (Mo-AMs) that produced IL-1β, exacerbating tumor progression independently 

of stromal age—the traditionally assumed primary driver of age-associated cancer risk (Park 

et al., 2024). Their findings reinforce the bone marrow-derived nature of pathogenic myeloid 

phenotypes and highlight its role as a conserved feature across disease models, with broad 

implications for aging-related pathologies. While Park et al. focused on clonal mutations as a 

key driver of these changes, we did not explore this aspect in our study. However, we 

hypothesize that intrinsic aging-associated alterations in the bone marrow are sufficient to 
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skew Mo-AM differentiation and function toward a pathogenic phenotype. Notably, similar to 

their findings in cancer, our study also showed that reconstitution with young bone marrow 

reduced disease severity in aged mice, further supporting the notion that age-associated 

hematopoietic changes are a key determinant of disease progression across diverse tissue 

pathologies. 

In our study, we saw that after reconstitution with aged bone-marrow (at baseline), the 

numbers of tissue resident alveolar macrophages in bronchoalveolar lavage were reduced in 

mice given aged bone marrow cells. To first rule out if this was caused by changes in the 

localization of the AMs, we also looked at the lung tissue and found a similar reduction in lung 

TR-AMs in recipients of aged bone marrow. This is in line with findings in naturally aged mice, 

which have reduced numbers of TR-AMs in the lung that were transcriptionally distinct from 

young TR-AMs with cell-adhesion, cell cycle and proliferation genes downregulated thereby 

indicating a reduced potential of aged TR-AMs to efficiently fill or maintain the niche 

(McQuattie-Pimentel et al., 2021).  Interestingly, prior research suggests that aging alters the 

lung’s extracellular matrix. McQuattie-Pimentel et al, 2021 found that aging lungs had 

increased hyaluronan deposition. When they cultured AMs derived from BMDMs with 

hyaluronan they found alterations in AM proliferation and response to GM-CSF (an important 

growth factor), and therefore concluded that the aged lung environment conferred this AM 

attrition (McQuattie-Pimentel et al., 2021). However, this study did not directly compare the 

response of young and aged BMDMs cultured ex-vivo on hyaluronan to identify if any age-

related effects persisted. (Park et al., 2024)also found reduced numbers of AMs in aged mice, 

that had a lower proliferative capacity despite an increased baseline myeloid bias in the bone-

marrow, corroborating our findings (Park et al., 2024). While changes in the lung tissue could 

indeed impair AM proliferation, our observation where we see a similar AM reduction in our 

heterochronic model in which the age of the lung tissue was similar between recipients of 

young and aged bone marrow, indicates that the age of the immune environment and/or age 

of the AMs also played a role. In line with this, (Li et al., 2022) also showed that when they 

transferred naïve AMs isolated from either young or aged mice into a neonatal mice lacking 

endogenous AMs (GMCSFR KO mice) young AMs proliferated adequately while aged AMs 

failed to do so, hinting at possible cell-intrinsic mechanisms at play that impacted their long-

term survival. Taken together, our work in context with previous studies suggests that 

regardless of whether AMs are embryonically derived in a naturally aged lung or repopulated 

from aged bone marrow, they seem to ultimately fail to sustain their population over time, 

leading to a deficit in the lungs. Furthermore, a look into the tissue-resident macrophage 

landscape across tissues reveals that this loss of tissue-resident macrophages with age is not 

an exclusive feature of the lung AMs. In tissues such as the liver and skin where tissue-resident 
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macrophages (Kupffer cells and dermal macrophages respectively) share similar 

developmental origins as AMs, i.e embryonically derived and can self-sustain at steady-state 

(Hashimoto et al., 2013), a similar loss occurs with age. In the liver, Kuppfer cell numbers were 

lower in older mice but with no obvious changes to their proliferation rate. This study attributed 

this depletion to the increase in low-grade inflammation that accompanies aging (Adé et al, 

2022). In the skin, Dube et al found that there was a dramatic loss of dermal macrophages 

with age. These aged macrophages in the skin also had a pro-inflammatory phenotype with a 

reduced proliferative capacity, resembling features of aging lung AMs (Dube et al, 2022). 

These observations therefore reveal that there seems to be a systemically conserved feature 

of aging that impacts tissue-resident macrophages. If this is due to the lifespan, proliferation 

or turnover of the macrophages themselves, erosion of homeostatic ‘youthful’ macrophage 

niches or changes in inflammation and trophic factors over time is an important question that 

needs to be disentangled. The exact signals, whether AM-intrinsic or extrinsic from the lung 

microenvironment (and as our results indicate likely stemming from other immune cells) that 

AMs need to sustain themselves over a period of time are still unclear.  

The availability of space in the macrophage niche is a primary determinant if circulating 

monocytes will engraft, differentiate into Mo-AMs and take up residence as TR-AMs (Guilliams 

et al., 2020). Upon severe lung inflammation or injury, the alveolar macrophage niche 

undergoes dramatic remodeling, with the loss of tissue resident alveolar macrophages and 

their subsequent replacement by Mo-AMs from the bone marrow a common feature across a 

myriad of infections and injury model systems (Aegerter et al., 2020; Li et al., 2022; Machiels 

et al., 2017). Given that aged mice had reduced TR-AMs and we found this to be recapitulated 

post reconstitution with an aged bone-marrow, we initially hypothesized that in line with the 

macrophage niche model, the increased numbers of infiltrating Mo-AMs that we saw from an 

aged bone-marrow could be due to this baseline space and deficit, I,e more monocytes were 

able to accumulate in the alveolar space  To conclusively test this, we used a model where 

we shielded the thorax during irradiation. This protected the lung immune cells, allowing them 

to be of host origin. At baseline, we saw that the entire TR-AM compartment was of young 

origin. i.e host derived with no differences between recipients of young and aged bone-marrow 

and a similarly occupied TR-AM niche. Upon bleomycin, we however observed increased 

monocytes and Mo-AMs were still recruited from an aging bone marrow. This indicates that 

the output of the bone marrow progenitors or the differentiation and homing potential of aged 

monocytes and Mo-AMs is enhanced and is a major determinant of the number of infiltrating 

pro-fibrotic cells, independent of the initial niche space. Similarly, a prior study, attributed 

increased Mo-AM accumulation in aged mice upon bleomycin injury to increased epithelial 

barrier permeability (Watanabe et al., 2021). While we did not specifically test barrier 
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permeability, the transplant of young bone marrow to aged mice, curbed the Mo-AM 

accumulation, once again pointing towards a role for bone marrow age in driving increased 

numbers.  

The initial inflammatory/pro-fibrotic signature of Mo-AMs could be a result of their recent 

monocytic origin or due to their first imprinting event taking place in a highly inflamed lung post 

bleomycin injury. One hypothesis put forth in the field to explain the increased reactivity 

observed in Mo-AMs as opposed to TR-AMs of fetal origin is their recent monocytic past. While 

recruited monocytes differentiate into alveolar macrophages and join the pool of TR-AMs in 

the lung post injury or infection, studies have shown that when recruited Mo-AMs were 

analyzed even after 28 days post-infection with influenza (IVI) they still showed transcriptomic 

and chromatin signatures of their monocytic past. Aegerter et al, found that post IVI infection, 

upon stimulation with a second hit, bacterial infection, recruited AMs produced increased 

levels of IL6, with open chromatic signatures similar to that of blood monocytes and not present 

in resident AMs, highlighting the persistence of their monocyte ‘legacy’ (Aegerter et al., 2020).  

We observed that Mo-AMs which were derived from an aged bone marrow had an enhanced 

profibrotic phenotype and over time in the lungs failed to mature and acquire a tissue-resident 

homeostatic phenotype at the same rate as young Mo-AMs. This could be due to either cell-

intrinsic deficits or due to cell-extrinsic environmental differences. To determine the extent 

each factor contributed, we used a mixed bone-marrow chimera system where both young 

and aged Mo-AMs were exposed to the same lung environment and found that although aged 

Mo-AM numbers were increased, their phenotype was similar to young Mo-AMs and the 

impact on fibrosis exacerbation was reduced which showed that the l determinants of Mo-AM 

identity and function are driven by cell-extrinsic factors. Since in our model the extrinsic factors 

are also derived from the hematopoietic system, it shows that an aging immune system has a 

widespread role in driving lung fibrosis by increasing the number of profibrotic macrophages 

and also altering the lung immune microenvironment through dysregulated signaling such as 

restricted Treg-derived IL-10, which impair their return to homeostasis.  

Chronic inflammation creates a pathologically non-permissive environment that disrupts tissue 

regeneration, impeding the transition of alveolar type 2 (AT2) to type 1 (AT1) cells, which are 

essential for restoring gas exchange in the lungs. The aberrant accumulation of damage-

associated transitional progenitors (DATPs), characterized by markers such as KRT8 and 

CLDN4, is a hallmark of conditions like idiopathic pulmonary fibrosis (IPF) (Jiang et al., 2020). 

These intermediary populations arise during the AT2-to-AT1 transition, a critical step in 

alveolar regeneration. However, persistent inflammation in diseases like IPF appears to stall 

this transition, leading to the accumulation of DATPs in fibrotic regions. Previous studies have 

shown that interstitial macrophages (IMs) and monocyte-derived alveolar macrophages (Mo-
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AMs) play a key role in facilitating this differentiation process, with interstitial macrophage-

derived IL-1β priming AT2 cells expressing Il1r1 for conversion into DATPs through a HIF1α-

mediated glycolysis pathway (Choi et al., 2020). Chronic IL-1β signaling, however, disrupts 

this progression, resulting in impaired alveolar repair. Building on this, our findings suggest 

that the persistence of inflammatory and profibrotic Mo-AMs, exacerbated by an aged bone 

marrow, results in a failure of Mo-AMs to transition into a resolving state. This could perpetuate 

a pro-inflammatory niche, further hindering AT2 to AT1 cell fate transitions and potentially 

contributing to failed epithelial regeneration. While we did not directly examine the molecular 

mechanisms underlying this interplay, we hypothesize that the dysregulated immune 

environment driven by aged Mo-AMs plays a central role in impairing the resolution of 

inflammation and epithelial repair. Targeting pathways that modulate Mo-AM phenotype or 

enhance pro-resolving signals, such as IL-10, may provide therapeutic avenues to restore 

epithelial regeneration and mitigate fibrosis progression.  

Severe injury or infection can lead to either appropriate regeneration and repair or if not tightly 

regulated to uncontrolled fibrosis and scarring (Diegelmann & Evans, 2004). The initial 

inflammatory signals serve to kickstart efficient repair processes, however, post this there is a 

specific window of time during which the inflammatory signals should be removed or blocked, 

and failure to do so leads to a dysregulated fibrotic response with ongoing inflammation and 

beyond this point removal of the inflammatory signal does not seem to reverse fibrosis in most 

organs (Adler et al., 2020). Hence, early control of the inflammatory response is crucial as the 

tissue maneuvers this fine balance between repair or fibrosis. In our study, we found that aged 

bone marrow recipients had an exaggerated inflammatory response during the early phase of 

bleomycin challenge in comparison with young bone marrow recipients, characterised by 

excessive neutrophil, monocyte, and Mo-AM infiltration as well as a heightened inflammatory 

milieu with significantly elevated IFN-y and IL-6 but decreased IL-10 available in the lung 

microenvironment. This reduced availability of a key anti-inflammatory mediator (Fiorentino et 

al, 1991) therefore could be responsible for failing to control the inflammation induced by 

bleomycin injury and controlling the switch between repair and fibrosis. IL-10 signaling has 

been previously implicated to be important in regulating bleomycin induced lung fibrosis with 

CD4+ T cell derived IL-10 limiting an IL-17A driven fibrotic pathology and reducing pro-fibrotic 

TGF-β activity. Furthermore IL-10 KO mice displayed exacerbated fibrosis driven by elevated 

IFN-y and IL-17A (Wilson et al., 2010) . In our study we found that aged BM recipients as well 

as aged mice had decreased CD4+ T cell derived IL-10 upon bleomycin challenge, with young 

chimeric mice lacking T cell specific IL-10 mimicking the worsened fibrotic response we 

observed in aged bone marrow recipients. This therefore indicates that a key fibrotic limiting 

pathway, atleast in the context of a bleomycin injury model, is dysregulated in aged bone 
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marrow recipients. Conversely a recent study found that IL-10 propagated fibrosis by driving 

the polarisation of IL-10 receptor expressing Mo-AMs and inducing the expression of PDGFa, 

a profibrotic mediator, in these macrophages (Bhattacharyya et al., 2022).  In line with this 

study, we also observed IL-10 receptor expression to be specific to pro-fibrotic Mo-AMs within 

the macrophage clusters in the lung upon bleomycin challenge. However, we observed that 

IL-10 functioned to calm the initial inflammatory signature of Mo-AMs, in particular subduing 

their expression of IL-6, CCL17, CXCL1, that was particularly upregulated by aged Mo-AMs. 

We believe the contradictory results of the role of IL-10 during fibrosis can be attributed to the 

complex nature of fibrosis. In our study IL-10 seems to function as an early anti-inflammatory 

mediator working to negate the ongoing inflammatory signature of Mo-AMs and by doing so 

removing the inflammatory signal and propagating appropriate resolution and repair, the lack 

of which in aged bone marrow recipients leads to exacerbated fibrosis. However, in the 

absence of an immediate need to block an inflammatory signature, the presence of IL-10 can 

also push Mo-AMs into a state of repair overdrive by inducing an ‘M2’ state thus creating a 

dysregulated fibrosis response (Bhattacharyya et al., 2022; Sica & Mantovani, 2012; Wynn & 

Vannella, 2016). Indeed, we observe that in young bone marrow-derived Mo-AMs, there is an 

initial heightened inflammatory profile that diminishes over time. This is accompanied by the 

early activation of IL-10-induced genes. In contrast, aged Mo-AMs exhibit a delayed induction 

of inflammatory genes and an increased pro-fibrotic profile over time, along with a late IL-10-

induced signature, suggesting that although there is an eventual IL-10 induced signature seen 

in aged MoAMs, it may occur too late to effectively contain the inflammatory response and 

might even contribute to disease progression. However, taken together, the findings of our 

study of a pro-fibrotic Mo-AM specific IL-10R upregulation, in line with Bhattacharya et al, 

showing IL-10RA expression on pro-fibrotic macrophages in the lungs of IPF patients, 

highlights a key role for an IL-10 dependent modulation of macrophage function during fibrosis. 

Therefore, our data underscores the idea that a regulated IL-10 response serves as a critical 

decision point in the transition of an Mo-AM into an immunosedated TR-AM state 

(Kulikauskaite & Wack, 2020) by dampening its inflammatory signature and facilitating it to 

become responsive to signals in the environment that could drive the transition into long-lived 

homeostatic TR-AMs. This transition into an anti-inflammatory phenotype therefore functions 

to reign in excessive inflammation preventing further cell damage and chronic wounds or 

pathological fibrosis due to uncontrolled production of inflammatory mediators or a lack of 

resolving macrophages. Strategies aimed at reducing the accumulation of pro-inflammatory 

macrophages or promoting the shift towards reparative, anti-inflammatory phenotypes have 

shown potential for acerating tissue repair and might be useful to mitigate prolonged 

inflammation with age (Wynn & Vannella, 2016).  



 

131 

In our model, we found that the source of IL-10 that was reduced was derived from Tregs, with 

no detectable differences between any other young and aged immune cells. As described in 

the introduction, during homeostasis, TR-AMs also express IL-10R and need environmental 

IL-10 to maintain their immunosedated, low reactive state. Studies have shown that in this 

context, the lung epithelial cells are a source of IL-10 (Hussell & Bell, 2014a), with a reduction 

of epithelial cell derived IL-10 seen in conditions such as asthma. Upon epithelial injury, the 

loss or alteration of epithelial cell function raises the question of whether their IL-10 production 

is diminished. Although we did not explicitly investigate the differences in epithelial derived IL-

10 through the time course, it is tempting to speculate that given that infiltrating Tregs are 

recruited in upon injury and expand consistently across lung injury models (Hawrylowicz & 

O'Garra, 2005; Proto et al., 2018), they may serve as a transient compensatory source of a 

key anti-inflammatory factor IL-10, potentially bridging the gap during this critical window when 

homeostatic sources of IL-10 are possibly lost. In a model of acute peritonitis 

lipopolysaccharide-induced lung injury, Tregs were also shown to be integral for restraining 

inflammation. This study showed that Treg-derived IL-13, facilitated autocrine production of 

IL-10 by lung macrophages which then enhanced macrophage mediated efferocytosis and 

clearance of apoptotic cells to hasten resolution of injury (Proto et al., 2018). Like this study, 

we also found a significant expansion of Tregs post bleomycin-induced lung injury, suggesting 

that an increase in Tregs as an injury response seemed to be a conserved feature across 

tissues. While we did not specifically test for Treg-derived IL-13, similar to decreased lung IL-

10 we also observe a reduction of overall lung IL-13 availability, which could suggest a similar 

Treg-derived deficiency. However, in contrast to this study, while we saw that TR-AMs, IMs 

and Mo-AMs (lung macrophages) did indeed produce IL-10, we found no differences in IL-10 

production between young and aged myeloid cells. Moreover, we saw that specific loss of IL-

10-production by Tregs worsened fibrosis and caused Mo-AM accumulation, indicating that in 

our model it was Treg-derived IL-10 that promoted resolution of bleomycin-induced lung injury. 

Moreover, acute injury models in these studies focused on the role of Tregs in the early post-

injury phase, where enhanced clearance of apoptotic cells might be key to limiting 

inflammation. In our model we found that Treg-mediated IL-10 curtailed the expansion of 

inflammatory Mo-AMs and promoted their homeostatic transition, post the acute stage as 

specific depletion of IL-10 or Tregs between D7-D14 alone was sufficient to exacerbate fibrosis 

and prevent Mo-AM maturation, whereas only early depletion while causing weightloss and 

inflammation did not impact the Mo-AM phenotype or numbers. This suggests that Tregs might 

contribute to different stages of resolution through distinct mechanisms. Adoptive transfer of 

young Tregs into aged mice at different stages of the disease might reveal the exact dynamics 

of Treg-Mo-AM interactions and the timepoint when IL-10 from Tregs is truly required by Mo-

AMs to transition in concert with other mediators in the environment.  
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differentiation, potentially impairing epithelial regeneration, and prolonging fibrosis. Future 

work will be needed to unravel the true impact that this delayed return to homeostasis and 

residency of macrophages has on tissue function and restoration of the injured lung. Early in 

life, in the first week, newly seeded AMs also transition from a highly inflammatory to a low-

reactive phenotype, in parallel with alveologenesis. Whether parallels exist between 

development and the return to homeostasis in adult lung environments need to be further 

investigated. While insights from early life AM development may inform approaches to 

reprogram macrophages in aged lungs, tissue imprinting over a lifetime of exposure to 

inflammation needs to be considered. More broadly, with age, we need to adapt our 

understanding of what ‘homeostasis’ truly means.  Homeostasis or homeostatic tissue-niches 

are not static states but evolve with age, inflammation, and repeated environmental exposures. 

Tissue niches, including the macrophage niche, adapt over time, and the concept of returning 

to homeostasis may not fully capture the reality and widespread impact of immune adaptation 

and inflammatory memory. Instead of resetting to a prior state, tissues may establish a new 

equilibrium that reflects accumulated challenges and cellular memory. Understanding these 

shifts is critical for refining therapeutic strategies that aim to restore function rather than merely 

suppress pathology. Identifying ways to modulate macrophage fate and their impact on tissue 

repair will be key to developing targeted strategies that mitigate fibrosis and promote tissue 

repair and regeneration in aging individuals. 
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