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Introduction

Chronic respiratory diseases, such as asthma and chronic obstructive pulmonary disease (COPD), place an enormous burden on society. A better understanding of how early life exposures may predispose people to develop chronic respiratory disease is key to developing prevention and treatment strategies The prenatal and perinatal environments can have profound effects on the development and progression of chronic inflammatory diseases. However, mechanistic insight into how the early-life microenvironment can impact the development of the lung and immune system, and the consequent initiation and progression of respiratory diseases, is still emerging. Recent studies investigating the developmental origins of lung diseases have started to delineate the effects of early-life changes in lung development [START_REF] Whitsett | Building and Regenerating the Lung Cell by Cell[END_REF], environmental exposures (2) and immune maturation [START_REF]Core indicators of the health and care of pregnant women and babies in Europe in 2015[END_REF] on the development of childhood and adult respiratory diseases. Alterations in what is considered "healthy" lung development may prime the neonate for increased susceptibility to develop respiratory complications in later life. Although this viewpoint is widely accepted, the exact mechanisms underlying and timeframe in which these alterations take place remain to be unravelled (Figure 1).

Pre-and perinatal lung development

Premature delivery interrupts normal lung development

The development of the lung architecture results from the coordinated activity of several cell-driven mechanisms of lung development, together with physical forces such as those that result from breathing movements [START_REF] Whitsett | Building and Regenerating the Lung Cell by Cell[END_REF]. These cellular mechanisms include, for example, extracellular matrix (ECM) deposition and remodelling, primarily by myofibroblasts in the developing septa; coordination of epithelial-mesenchymal interactions by growth factors; cell-ECM interactions; and the proliferation, migration, apoptosis, and transdifferentiation of the constituent cells of the developing lung at the correct time and place during lung maturation [START_REF] Morrisey | Preparing for the first breath: genetic and cellular mechanisms in lung development[END_REF]. Any disturbances to these pathways result in an aberrant lung structure, which in turn, compromises lung gas-exchange function, and contributes to the development of lung disease. One major disturbance is preterm delivery, which accounts for 6-12% of the 5.9 million live births annually in Europe [START_REF]Core indicators of the health and care of pregnant women and babies in Europe in 2015[END_REF]. Prematurity is a leading cause of perinatal and childhood mortality [START_REF] Liu | Global, regional, and national causes of child mortality in 2000-13, with projections to inform post-2015 priorities: an updated systematic analysis[END_REF]. With intensive care in countries with a more advanced health care system, many preterm infants survive but a major complication is bronchopulmonary dysplasia (BPD). Stunted alveolar lung development has emerged as the histopathological hallmark of BPD, which arises from accelerated lung maturation (alveolar epithelial type II cell maturation, surfactant production and alveolar wall thinning) following exposure to corticosteroids and/or (intrauterine) inflammation during prematurity. This is further complicated by the deleterious effects of prenatal and postnatal exposures to inflammatory, oxidant, stretch, and other injurious agents [START_REF] Jobe | The new BPD: an arrest of lung development[END_REF][START_REF] Baraldi | Chronic lung disease after premature birth[END_REF]. The consequences of aberrant lung development are evident in adolescent and adult survivors of BPD, who exhibit disturbances in breathing mechanics [START_REF] Maclean | Altered breathing mechanics and ventilatory response during exercise in children born extremely preterm[END_REF], as well as predisposition to lung disease [START_REF] Tracy | Bronchopulmonary Dysplasia and Pulmonary Outcomes of Prematurity[END_REF][START_REF] Hadchouel | Association between asthma and lung function in adolescents born very preterm: results of the EPIPAGE cohort study[END_REF][START_REF] Urs | Persistent and progressive long-term lung disease in survivors of preterm birth[END_REF][START_REF] Priante | Respiratory Outcome after Preterm Birth: A Long and Difficult Journey[END_REF].

Recent preclinical studies in experimental animal models of BPD support these conclusions, where neonatal exposure to hyperoxia resulted in persistent disturbances to pulmonary vascular function and right-heart remodelling [START_REF] Kumar | Long-Term Effects of Neonatal Hyperoxia in Adult Mice[END_REF][START_REF] Menon | Long-term pulmonary and cardiovascular morbidities of neonatal hyperoxia exposure in mice[END_REF], long term effects on airway hyperreactivity [START_REF] Namba | Sex-related differences in long-term pulmonary outcomes of neonatal hyperoxia in mice[END_REF][START_REF] Dylag | Pulmonary mechanics and structural lung development after neonatal hyperoxia in mice[END_REF][START_REF] Regal | Neonatal oxygen exposure alters airway hyper-responsiveness but not the response to allergen challenge in adult mice[END_REF] and increased sensitivity to bleomycin-induced lung fibrosis in adult mice [START_REF] Yee | Neonatal hyperoxia increases sensitivity of adult mice to bleomycin-induced lung fibrosis[END_REF]. Thus, a solid body of evidence suggests that injury to the lung in the immediate postnatal period predisposes affected lungs to disease in later life.

A relatively common pregnancy complication associated with preterm labour and BPD is acute chorioamnionitis, which is characterized by neutrophilic infiltration and inflammation at the maternal-foetal interface [START_REF] Kallapur | Fetal immune response to chorioamnionitis[END_REF]. A surprising consequence of chorioamnionitis is increased production of surfactant in the foetal lung [START_REF] Kallapur | Intra-amniotic endotoxin: chorioamnionitis precedes lung maturation in preterm lambs[END_REF]. However, despite the associated increased lung compliance, chorioamnionitis inhibits alveolar and pulmonary vascular development causing changes similar to BPD [START_REF] Willet | Antenatal endotoxin and glucocorticoid effects on lung morphometry in preterm lambs[END_REF]. These include decreased and aberrant expression of elastin that identifies sites of secondary septation demonstrated in animal models of chorioamnionitis [START_REF] Collins | LPS-induced chorioamnionitis and antenatal corticosteroids modulate Shh signaling in the ovine fetal lung[END_REF][START_REF] Collins | Inflammation in fetal sheep from intra-amniotic injection of Ureaplasma parvum[END_REF]. Although the mechanisms are not entirely clear, NF-κB activation in innate immune cells and subsequent IL-1 signalling [START_REF] Blackwell | NF-kappaB signaling in fetal lung macrophages disrupts airway morphogenesis[END_REF][START_REF] Kallapur | Recruited inflammatory cells mediate endotoxin-induced lung maturation in preterm fetal lambs[END_REF][START_REF] Kallapur | IL-1 mediates pulmonary and systemic inflammatory responses to chorioamnionitis induced by lipopolysaccharide[END_REF] inhibit FGF10 expression in mesenchymal cells. Inflammatory mediators induce TGFβ1 and CTGF signalling and decrease Shh mRNA levels and Gli1 protein expression in the distal lung [START_REF] Collins | LPS-induced chorioamnionitis and antenatal corticosteroids modulate Shh signaling in the ovine fetal lung[END_REF][START_REF] Collins | The Future of Bronchopulmonary Dysplasia: Emerging Pathophysiological Concepts and Potential New Avenues of Treatment[END_REF][START_REF] Collins | Antenatal glucocorticoids counteract LPS changes in TGF-beta pathway and caveolin-1 in ovine fetal lung[END_REF].

Early life exposures and susceptibility to lung disease

Maternal exposures and transplacental immune modulation

The maternal immune system plays a fundamental role in protecting the in utero environment [START_REF] Erlebacher | Immunology of the maternal-fetal interface[END_REF][START_REF] Arck | Fetomaternal immune cross-talk and its consequences for maternal and offspring's health[END_REF] and additionally can provide signals that influence developmental trajectories within the foetal immune system, shaping immune functions post birth [START_REF] Barker | The obstetric origins of health for a lifetime[END_REF][START_REF] Renz | The impact of perinatal immune development on mucosal homeostasis and chronic inflammation[END_REF][START_REF] Apostol | Training the Fetal Immune System Through Maternal Inflammation-A Layered Hygiene Hypothesis[END_REF][START_REF] Gollwitzer | Impact of Early-Life Exposures on Immune Maturation and Susceptibility to Disease[END_REF].

Although mechanisms remain poorly defined, maternal inflammation can promote foetal programming that manifests as enhanced susceptibility to development of asthma (and related diseases) [START_REF] Renz | The impact of perinatal immune development on mucosal homeostasis and chronic inflammation[END_REF][START_REF] Gollwitzer | Impact of Early-Life Exposures on Immune Maturation and Susceptibility to Disease[END_REF][START_REF] Thorburn | Evidence that asthma is a developmental origin disease influenced by maternal diet and bacterial metabolites[END_REF]. A broad spectrum of environmental maternal exposures have been implicated including diet/stress/environmental toxins/pathogens, and pre-existing clinical syndromes including obesity and asthma [START_REF] Thorburn | Evidence that asthma is a developmental origin disease influenced by maternal diet and bacterial metabolites[END_REF][START_REF] Segovia | The impact of maternal obesity on inflammatory processes and consequences for later offspring health outcomes[END_REF][START_REF] Murphy | Asthma exacerbations during pregnancy: incidence and association with adverse pregnancy outcomes[END_REF][START_REF] Liu | Maternal asthma severity and control during pregnancy and risk of offspring asthma[END_REF]. Notably, maternal inflammatory responses can be exaggerated during pregnancy (such as asthma [START_REF] Murphy | Asthma exacerbations during pregnancy: incidence and association with adverse pregnancy outcomes[END_REF][START_REF] Liu | Maternal asthma severity and control during pregnancy and risk of offspring asthma[END_REF] and Influenza [START_REF] Siston | Pandemic 2009 influenza A(H1N1) virus illness among pregnant women in the United States[END_REF]). The mechanisms involved in transplacental transmission of maternal-derived inflammatory immune signals are not well understood, but likely involve direct transfer and cell receptor mediated signaling [START_REF] Apostol | Training the Fetal Immune System Through Maternal Inflammation-A Layered Hygiene Hypothesis[END_REF]. Of note, foetal stem cells responsive to these programming signals contribute to development of a range of cellular subtypes that interact to play crucial roles in lung homeostatic processes and inflammation, including local lung tissue resident immune cells (e.g. alveolar macrophages and ILC2) and HSC in bone marrow that seed myeloid populations within respiratory tissues, providing multiple pathways for dysregulated immune function.

The capacity of the foetal immune system to be trained via maternal environmental signals provides exciting possibilities for prevention of lung diseases after birth. A seminal example is the profound reduction in allergic asthma (and related diseases) in children born to mothers exposed during pregnancy to benign microbial products from traditional farming environments [START_REF] Ober | Immune development and environment: lessons from Amish and Hutterite children[END_REF][START_REF] Von Mutius | Farm living: effects on childhood asthma and allergy[END_REF][START_REF] Ege | Exposure to environmental microorganisms and childhood asthma[END_REF]. Mechanistic studies using cord blood mononuclear cells (CBMC) from farmers children indicate that protection is associated with accelerated development of post-natal immunocompetence [START_REF] Loss | Prenatal and early-life exposures alter expression of innate immunity genes: the PASTURE cohort study[END_REF][START_REF] Schaub | Maternal farm exposure modulates neonatal immune mechanisms through regulatory T cells[END_REF]. These findings have been replicated in experimental animal models via exposure of pregnant mice to a variety of microbial extracts, and these processes were found to be TLR-dependent [START_REF] Conrad | Maternal TLR signaling is required for prenatal asthma protection by the nonpathogenic microbe Acinetobacter lwoffii F78[END_REF][START_REF] Schuijs | Farm dust and endotoxin protect against allergy through A20 induction in lung epithelial cells[END_REF][START_REF] Mincham | Transplacental immune modulation with a bacterial-derived agent protects against allergic airway inflammation[END_REF]. The precise mechanisms that induce transplacental protection against disease are not well characterised, but recent evidence points to innate immune training via metabolic programming within the foetal bone marrow dendritic precursor populations [START_REF] Mincham | Transplacental immune modulation with a bacterial-derived agent protects against allergic airway inflammation[END_REF][START_REF] Netea | Trained immunity: A program of innate immune memory in health and disease[END_REF][START_REF] Mitroulis | Modulation of Myelopoiesis Progenitors Is an Integral Component of Trained Immunity[END_REF]. Furthermore, exposure to microbial extracts during pregnancy may also provide potential benefits to support maternal immunity, as recently shown in preclinical animal models [START_REF] Scott | Protection against maternal infection-associated fetal growth restriction: proof-of-concept with a microbialderived immunomodulator[END_REF]. Harnessing the potential of immune training presents exciting opportunities to enhance control/regulation of maternal inflammatory responses for protection of pregnancy, foetal growth and development, in addition to training the foetal immune system for enhanced immunocompetence in the postnatal environment.

Neonatal and infant airway microbiota composition and development

Little is known about the crosstalk between immune cells and microbes (bacteria, viruses and fungi) in newborns, but evidence from mouse models suggests that immune priming in the lungs is essential for protection against infections and appropriate responses upon allergen exposure [START_REF] Gollwitzer | Impact of Early-Life Exposures on Immune Maturation and Susceptibility to Disease[END_REF]. A study using lower airways samples (tracheal aspirates) from children in the first year of life identified signs of bacterial colonization as early as one day after birth [START_REF] Pattaroni | Early-Life Formation of the Microbial and Immunological Environment of the Human Airways[END_REF]. The authors showed that the lower airways microbiome developed within the first 2 postnatal months. During this period, three microbiome profiles were evident: two were month of age. These findings suggest a 'window-of-opportunity', within which timely microbial cues may modulate host immunity and determine RTI susceptibility [START_REF] Bosch | Maturation of the Infant Respiratory Microbiota, Environmental Drivers, and Health Consequences. A Prospective Cohort Study[END_REF]. Given the theory that lower RTIs may develop following micro-aspiration of upper respiratory tract (URT) pathogens, it was postulated that oral microbiota would show a similar pattern of maturation and association with RTI susceptibility as the nasopharyngeal microbiota.

Contrastingly, the oral microbiota assemble even more rapidly into highly stable and nichespecific microbial communities, showing no differences in maturation patterns related to RTI susceptibility. Instead, it was found that niche differentiation within the URT (nasopharynx versus oral cavity) is less explicit in children developing more RTIs over the first year of life.

This phenomenon was even more pronounced shortly prior to RTI episodes, and characterised by an influx of oral bacteria like Fusobacterium, Prevotella, Neisseria and streptococci into the nasopharynx [START_REF] Man | Loss of Microbial Topography between Oral and Nasopharyngeal Microbiota and Development of Respiratory Infections Early in Life[END_REF]. These findings indicate that a 'collapse' of bacterial community structure may precede RTI symptoms. Moreover, outgrowth of the number one cause of bacterial RTIs, S. pneumoniae, is controlled by the local respiratory microbiota, contributing to mucosal homeostasis [START_REF] De Steenhuijsen Piters | Interaction between the nasal microbiota and S. pneumoniae in the context of liveattenuated influenza vaccine[END_REF].

However, the respiratory microbiota appears to not only be involved in protection against infections, but likely also play a role in controlling the severity of acute infections. In a recent study, particularly respiratory syncytial virus (RSV), H. influenzae and S. pneumoniae were indicative of infection, regardless of phenotype (pneumonia, bronchiolitis or mixed), suggesting a joint contribution of viruses and bacteria as driver of these infections, whereas the absence of protective commensals was associated with severity [START_REF] Man | Bacterial and viral respiratory tract microbiota and host characteristics in children with lower respiratory tract infections: a matched case-control study[END_REF]. Interestingly, children born preterm are affected at a higher rate by respiratory viruses, including RSV [START_REF] Broughton | Prospective study of healthcare utilisation and respiratory morbidity due to RSV infection in prematurely born infants[END_REF][START_REF] Olabarrieta | Hospital admission due to respiratory viral infections in moderate preterm, late preterm and term infants during their first year of life[END_REF]. The risk for readmission due to respiratory infections during the first year of life was shown to be 3.6 times higher in infants born in moderate or late preterm stages [START_REF] Olabarrieta | Hospital admission due to respiratory viral infections in moderate preterm, late preterm and term infants during their first year of life[END_REF].

Cellular mechanisms involved in priming of the developing lung for disease

Influence of vascular changes on lung development

The vasculature is important for branching morphogenesis of the future airways [START_REF] Van Tuyl | Role of oxygen and vascular development in epithelial branching morphogenesis of the developing mouse lung[END_REF][START_REF] Schwarz | Endothelial monocyte activating polypeptide II inhibits lung neovascularization and airway epithelial morphogenesis[END_REF][START_REF] Schwarz | Emerging pulmonary vasculature lacks fate specification[END_REF][START_REF] Lazarus | A perfusionindependent role of blood vessels in determining branching stereotypy of lung airways[END_REF], and the pulmonary vessels are an integral part of the systemic circulation, and mainly expand through angiogenesis [START_REF] Parera | Distal angiogenesis: a new concept for lung vascular morphogenesis[END_REF]. Angiogenesis is the process of the formation of new vessels through the expansion and sprouting of existing vessels. These new extended endothelial tubes are highly unstable and require perivascular cells, pericytes, to become fully functional vessels. The interaction between endothelial cells and pericytes is mediated through platelet-derived growth factor (PDGF) β signalling, which induces stabilization of endothelial cells and subsequent differentiation of pericytes into smooth muscle-like cells [START_REF] Armulik | Pericytes: developmental, physiological, and pathological perspectives, problems, and promises[END_REF][START_REF] Sweeney | It Takes Two: Endothelial-Perivascular Cell Cross-Talk in Vascular Development and Disease[END_REF].

Smooth muscle precursor cells (perivascular cells) are primed cells that express

Kruppel Like Factor (KLF) 4. These cells respond to induced damage in adult mice, such as hyperoxia, by proliferation and migration, which eventually leadsing to pulmonary hypertension-like vascular abnormalities [START_REF] Sheikh | Smooth muscle cell progenitors are primed to muscularize in pulmonary hypertension[END_REF]. By studying paediatric congenital lung abnormalities, such as congenital diaphragmatic hernia (CDH), which is characterized by concomitant vascular problems (persistent pulmonary hypertension), it has become clear that vascular abnormalities associated with CDH already develop in utero. Histological studies in premature and term CDH patients uncovered a thickening of the vascular smooth muscle layer in the mid-sized vessels as well as neo-muscularization of capillaries.

Additionally, smooth muscle cells expressed markers associated with a contractile phenotype [START_REF] Sluiter | Premature differentiation of vascular smooth muscle cells in human congenital diaphragmatic hernia[END_REF]. Given the role of perivascular cells during angiogenesis, subsequent studies focused on these cells as a potential source of the vascular abnormalities observed in CDH.

Clear vascular abnormalities already become apparent at the pseudoglandular and canalicular stage of development in a mouse model for CDH [START_REF] Kool | Inhibition of retinoic acid signaling induces aberrant pericyte coverage and differentiation resulting in vascular defects in congenital diaphragmatic hernia[END_REF], including significant reductions in vessel length and number of branches from the main pulmonary vessels.

Moreover, perivascular cells associated with vessels extended more distally compared to controls, indicative of a higher coverage of vessels by these cells, which was also shown for pulmonary hypertension in adults [START_REF] Ricard | Increased pericyte coverage mediated by endothelial-derived fibroblast growth factor-2 and interleukin-6 is a source of smooth muscle-like cells in pulmonary hypertension[END_REF]. The perivascular cells in CDH subsequently expressed markers of advanced differentiation, as compared to controls.

Upon differentiation, perivascular cells lose the ability to support endothelial cells that form new branches during angiogenesis. As a result, lung development in CDH is characterized by a simplified microvascular development and subsequent hypoplasia, similar to BPD. In both diseases retinoic acid (RA) signalling has been identified as a key pathway.

Retinoic acid is required during the formation of the prospective lung field at the onset of lung development, and reduced RA signalling leads to increased TGFβ [START_REF] Chen | Inhibition of Tgf beta signaling by endogenous retinoic acid is essential for primary lung bud induction[END_REF], which induces differentiation of pericytes [START_REF] Bordenave | Lineage Tracing Reveals the Dynamic Contribution of Pericytes to the Blood Vessel Remodeling in Pulmonary Hypertension[END_REF]. Moreover, inhibiting RA signalling impaired vessel formation in vitro and caused a reduction in the production of collagen IV, which perivascular cells start to secrete upon interaction with endothelial cells, and has been observed in lungs of human CDH patients [START_REF] Kool | Inhibition of retinoic acid signaling induces aberrant pericyte coverage and differentiation resulting in vascular defects in congenital diaphragmatic hernia[END_REF]. Considering the aberrant function of perivascular and endothelial cells in CDH and BPD patients, it will be important to create a better understanding of whether these patients are predisposed to chronic lung and vascular disease and perhaps even infectious and inflammatory disease in later life.

Mesenchymal cells in lung alveolar development and injury

The cellular mechanisms underlying the long-term effects of lung disease in infancy have not been clarified. However, recent studies have identified disease-relevant changes in an emerging spectrum of mesenchymal cells, namely fibroblast subsets, as well as in resident immune cells, particularly macrophages, as new cellular mechanisms on priming the developing lung for disease. Mesenchymal cells are important in orchestrating early lung development, by interacting with epithelial and endothelial cells, communicating back and forth to shape the branching structure that becomes the lung [START_REF] Morrisey | Preparing for the first breath: genetic and cellular mechanisms in lung development[END_REF]. In saccular and alveolar lung development studying mesenchymal cells and their interplay with their niche has long been based on histological and in vitro studies. The mesenchymal compartment of the distal lung was long thought to consist of two types of fibroblasts based on structural properties: lipofibroblasts and myofibroblasts [START_REF] Collins | Lung mesenchymal stromal cells in development and disease: to serve and protect?[END_REF]. By studying lung regeneration after pneumonectomy in adult mice, it became clear that some lipofibroblasts function not only as progenitor cells for myofibroblasts, but also as orchestrators of new alveolar growth [START_REF] Perl | FGF signaling is required for myofibroblast differentiation during alveolar regeneration[END_REF]. The notion that stromal stem cells can function as regulators of repair and regeneration, communicating with a variety of epithelial, endothelial, immune and even neuronal cell types, has been extensively studied in amphibians [START_REF] Stappenbeck | The role of stromal stem cells in tissue regeneration and wound repair[END_REF][START_REF] Han | Limb regeneration in higher vertebrates: developing a roadmap[END_REF]. The discovery of the potent regenerative and anti-inflammatory properties of bone marrow-and umbilical cord derived mesenchymal stromal cells (MSC) has led to a surge in preclinical and clinical studies showing the promise that these cells hold as a therapeutic agent [START_REF] Caplan | Mesenchymal stem cells[END_REF]. In BPD, exogenous MSCs (derived from bone marrow or umbilical cord) have the potential to prevent and repair lung injury and perturbed alveolar development [START_REF] Van Haaften | Airway delivery of mesenchymal stem cells prevents arrested alveolar growth in neonatal lung injury in rats[END_REF][START_REF] Pierro | Short-term, long-term and paracrine effect of human umbilical cord-derived stem cells in lung injury prevention and repair in experimental bronchopulmonary dysplasia[END_REF][START_REF] Augustine | Mesenchymal Stromal Cell Therapy in Bronchopulmonary Dysplasia: Systematic Review and Meta-Analysis of Preclinical Studies[END_REF] and are currently the subject of a number of ongoing clinical trials worldwide (Clinicaltrials.gov identifiers NCT04062136, NCT03873506, NCT03558334, NCT03645525, NCT03378063, NCT03631420, NCT03392467, NCT03601416, NCT04255147, NCT02443961). This, however, also leaves us to question of why resident mesenchymal cell types are unable to fulfil this same role and highlights how little we really understand about the dynamics of mesenchymal cells with the developing alveolar niche. Using tracheal aspirates of preterm infants, it was found that the shedding of mesenchymal cells into the airway compartment predicted the development of BPD [START_REF] Popova | Isolation of tracheal aspirate mesenchymal stromal cells predicts bronchopulmonary dysplasia[END_REF].

Moreover, mesenchymal cells derived from the lungs of BPD patients have a strong profibrotic phenotype [START_REF] Popova | Isolation of tracheal aspirate mesenchymal stromal cells predicts bronchopulmonary dysplasia[END_REF] and lower expression of PDGFRα and -β [START_REF] Popova | Reduced platelet-derived growth factor receptor expression is a primary feature of human bronchopulmonary dysplasia[END_REF], similar to histological findings in the lungs of patients dying with BPD, suggesting that mesenchymal cells potentially contribute to BPD pathogenesis. This hypothesis is further supported by studies reporting that CD146+ lung MSCs exposed to hyperoxia in vivo [START_REF] Collins | Impaired Angiogenic Supportive Capacity and Altered Gene Expression Profile of Resident CD146(+) Mesenchymal Stromal Cells Isolated from Hyperoxia-Injured Neonatal Rat Lungs[END_REF] or in vitro [START_REF] Mobius | Oxygen Disrupts Human Fetal Lung Mesenchymal Cells. Implications for Bronchopulmonary Dysplasia[END_REF] exhibited a diminished microvascular supportive capacity and an impaired secretion of factors that are important in orchestrating lung development. It has been suggested that exogenous MSC therapy restores the function of perturbed lung MSCs, but future studies will need to show whether this is indeed the case [START_REF] Mobius | Mesenchymal stromal cells in the development and therapy of bronchopulmonary dysplasia[END_REF].

Mesenchymal cells are heterogeneous, making it hard to characterize and delineate mesenchymal cell interaction with the alveolar microenvironment. Lineage tracing studies and more recently single cell RNA sequencing (scRNAseq) have allowed the identification of a variety of different mesenchymal subsets [START_REF] Zepp | Distinct Mesenchymal Lineages and Niches Promote Epithelial Self-Renewal and Myofibrogenesis in the Lung[END_REF][START_REF] Peng | Coordination of heart and lung co-development by a multipotent cardiopulmonary progenitor[END_REF][START_REF] Travaglini | A molecular cell atlas of the human lung from single cell RNA sequencing[END_REF][START_REF] Guo | Single cell RNA analysis identifies cellular heterogeneity and adaptive responses of the lung at birth[END_REF][START_REF] Xie | Single-Cell Deconvolution of Fibroblast Heterogeneity in Mouse Pulmonary Fibrosis[END_REF]. These mesenchymal subsets appear to be not only very heterogeneous but also plastic in phenotype, as different subsets are found at different ages and after various exposures [START_REF] Xie | Single-Cell Deconvolution of Fibroblast Heterogeneity in Mouse Pulmonary Fibrosis[END_REF][START_REF] Ntokou | Characterization of the plateletderived growth factor receptor-alpha-positive cell lineage during murine late lung development[END_REF][START_REF] El Agha | Two-Way Conversion between Lipogenic and Myogenic Fibroblastic Phenotypes Marks the Progression and Resolution of Lung Fibrosis[END_REF]. Defining how these expression-based subsets differ functionally, and what role they play in the cellular crosstalk during development, repair and susceptibility for chronic lung disease is a major challenge that remains to be addressed.

Macrophages in lung alveolarization

Resident macrophages migrate into the lung in multiple waves during development, and have been hypothesized to contribute to lung development [START_REF] Collins | The Future of Bronchopulmonary Dysplasia: Emerging Pathophysiological Concepts and Potential New Avenues of Treatment[END_REF][START_REF] Tan | Developmental origin of lung macrophage diversity[END_REF]. Upon exposure to inflammation, foetal pulmonary macrophages play an active role in disrupting lung development by actively inhibiting expression of critical genes that are required for developmental processes [START_REF] Blackwell | NF-kappaB signaling in fetal lung macrophages disrupts airway morphogenesis[END_REF]. While inflammation per se has long been considered a key pathological feature of BPD [START_REF] Speer | Inflammation and bronchopulmonary dysplasia[END_REF], a variety of inflammatory cell types have recently been implicated in perturbations to lung function, and the development of the lung structure associated with BPD. CD11b + mononuclear cells have been demonstrated (using diphtheria-toxin-mediated depletion) to mitigate hyperoxia-induced lung injury in newborn mice [START_REF] Eldredge | CD11b(+) Mononuclear Cells Mitigate Hyperoxia-Induced Lung Injury in Neonatal Mice[END_REF].

These studies were expanded to reveal that an imbalance in Ly6C hi /Ly6C lo monocyte populations mediated hyperoxia-induced lung injury in the developing lung, which could be rescued by interferon- treatment [START_REF] Eldredge | Imbalance of Ly-6C(hi) and Ly-6C(lo) Monocytes/Macrophages Worsens Hyperoxia-Induced Lung Injury and Is Rescued by IFN-gamma[END_REF].

Beyond these monocyte populations, alveolar macrophages (AM) were documented to mediate the deleterious impact of hyperoxia on lung alveolarization in newborn mice (using Csf1r-lineage depletion) [START_REF] Kalymbetova | Resident alveolar macrophages are master regulators of arrested alveolarization in experimental bronchopulmonary dysplasia[END_REF], in a study where neutrophils were documented to be without any effect (through antibody-mediated neutrophil depletion studies with anti-Ly6G

IgG). These reports highlight the possibility that oxygen toxicity may reprogram immune cells in hyperoxia-exposed developing lungs. These studies are important, since early life exposure of mouse pups to hyperoxia profoundly impacted the adult response to influenza virus infection [START_REF] Buczynski | Neonatal hyperoxia alters the host response to influenza A virus infection in adult mice through multiple pathways[END_REF]. This suggests a persistent reprogramming of the inflammatory response during early life, which was attributed to intrinsic changes in hematopoietic cells, and changes in the reparative versus cytotoxic nature of natural killer cells [START_REF] Reilly | Neonatal hyperoxia leads to persistent alterations in NK responses to influenza A virus infection[END_REF]. The mechanisms underlying these persistent changes in immune cell behaviour that are maintained from infancy to adulthood have not been clarified. However, eosinophil-associated RNAse 1 (Ear1) in type II alveolar epithelial cells was suggested to play a role in this phenomenon [START_REF] O'reilly | Neonatal oxygen increases sensitivity to influenza A virus infection in adult mice by suppressing epithelial expression of Ear1[END_REF]. There is clearly tremendous scope for the further exploration of terminal inflammatory cell programming in the lung in the immediate postnatal period, with consequences for both lung development and innate (and perhaps adaptive) immunity that last into adulthood. This is currently considered a priority area for investigational studies [START_REF] Lignelli | Recent advances in our understanding of the mechanisms of lung alveolarization and bronchopulmonary dysplasia[END_REF], and is explored further in the following section, "Early life immune maturation and development of lung disease", below.

Early life immune maturation and development of lung disease

Early life development of the pulmonary immune system

The perinatal/postnatal period represents a critical window in the pulmonary immune development with enduring effects on pulmonary physiology, susceptibility to lung disease 

Allergic immunity

The relatively limited exposure to antigen in utero dictates that newborns are more reliant on innate immune pathways for protection against infections. However, the foetal influence on the systemic microbiome, which impacts upon the developing immune system and thus the trajectory towards disease or health [114]. Although it is apparent that the composition of inhaled exposures have a direct impact on the airway immune profile, mechanistic studies in the context of a developing immune system are scarce, while studies in children predominantly used peripheral blood rather than cells directly isolated from mucosal surfaces.

It is apparent therefore, that early life represents a window of both vulnerability and opportunity that impact immune and tissue homeostasis, but it is not known whether pathology progresses because of an imbalance in regulatory cells versus effector cells.

Peripheral blood isolated during the first postnatal year shows that the proportion of both resting naïve T regulatory cells (rTreg; CD4 + CD45RA + FoxP3 + ) and activated Treg (aTreg, CD4 + CD45RA -FoxP3 high ) increased markedly from birth to 6 months of age [115]. In contrast little is known regarding the phenotypes of cells within airways of neonates, although children who develop allergic disease in the first year of life have deficient Treg responses to microbial stimuli, but not allergens, from birth [116], highlighting the importance of skewed immunity in early life.

Inter-organ crosstalk

In recent years, the importance of inter-organ crosstalk and interactions in the Moreover, antibiotic use is strongly associated with the development of asthma, particularly when antibiotics were taken during the first 6 months of life [122]. In line with these observations, antibiotic treatment in the perinatal period enhances susceptibility to and severity of murine allergic airway inflammation [119,123]. This effect was suggested to be linked to the loss of Tregs in the colon, which could, likely mediated by the gut-lung axis, enhance the development of allergic airway inflammation. Dietary intake, in particular high fibre diet consumption, alters gut microbiome composition and consequently increases local and circulating short-chain fatty acid (SCFA) levels [START_REF] Thorburn | Evidence that asthma is a developmental origin disease influenced by maternal diet and bacterial metabolites[END_REF]124]. Maternal high fibre diet consumption and consequent reduction in allergic airway inflammation in offspring was found to be mediated by maternal-foetal transfer of SCFAs leading to altered gene expression in the foetal lung and changes in immune regulation [START_REF] Thorburn | Evidence that asthma is a developmental origin disease influenced by maternal diet and bacterial metabolites[END_REF].

Recent evidence has indicated that microbial-and age-mediated immune maturation in the skin can determine the nature and severity of allergic skin inflammation using a neonatal skin sensitization model [125]. Interestingly, the nature of the observed skin inflammation (Th2 mediated in neonates and Th2/Th17 mediated in adults) determined the inflammatory profile (eosinophilic vs neutrophilic) in the lung following allergen challenge, suggestive of skin-lung interactions. Moreover, there is now first evidence of inflammatory immune cell seeding in remote non-allergen exposed mucosal tissues [126]. These data indicate that allergen challenge on the skin, in the gut or in the airway induces not only a local allergic inflammatory response, characterized by local eosinophil influx, but can also initiate increased eosinophil frequencies in distant non-allergen exposed mucosal tissues.

There is strong evidence of interactions between the skin, gut and the lung. However, future mechanistic studies focusing on this inter-organ crosstalk are needed to dissect the mechanisms underlying these responses and their implications for disease development in early life [127].

Future perspectives

Lifelong respiratory health starts before birth. If we can provide each child with a healthy start, the chances of attaining maximal lung capacity in adult life are markedly increased. To advance our understanding of the early origins of lung disease and to allow for proper dissemination and implication of this knowledge, we propose four major focus areas and future directions for advancement within these areas (Figure 2).

Policy

The largest impact of and earliest time for prevention of lung diseases is prior to birth.

Education of mothers, especially by midwives, with respect to exposures to avoid prior to and during pregnancy can be complemented with advice on healthy behaviour. Such advice will require targeted evidence-based information. Policy makers need to be provided with scientific evidence of specific risk factors associated with explicit diseases. This research and policy advice should be an ongoing and active effort as exposure to risk factors might fluctuate and change over time and display regional differences. For interventions and/or protective measures that will prevent disease development, scientific evidence is ideally delivered by randomized-controlled trials

In underdeveloped and low-income countries, prenatal disease prevention is yet to become part of public health policies and more effort should be put into raising awareness.

In these settings, cascading teaching methods and getting individuals with a respected position in society involved is imperative to spread good practices (education). It can be expected that if mothers adopt healthier lifestyles during pregnancy, they will raise their children under healthier circumstances, and this next generation will therefore take this as normal behaviour. This will not only affect early life, but also impact upon the development of adult-onset diseases. Moreover, given the lack of identified biomarkers so far, the focus should be on higher risk groups, with a prominent role for midwives.

Clinical assessment

The worst-case scenario of a difficult start to life with respect to lung function is the development of BPD, which we will use here as a prototypic early life lung disease. As survival of preterm infants at lower gestational ages has increased due to improvements in care and treatment, BPD has taken on new dimensions. There is a widespread consensus that the current definition is clinically useful, but too broad [128]. The fact that BPD is not a single disease, but rather a syndrome, is not captured by this definition. Moreover, the pathological features underlying the disease are difficult to assessin the clinic. In addition, the long-term consequences of BPD, such as airflow limitation, need to be clearly defined and the question remains whether this should be termed as an early COPD phenotype.

Better imaging techniques, including Magnetic Resonance Imaging, are needed to obtain greater insight in for instance alveolar simplification [129], Moreover, this will allow us to discern consequences of BPD from early COPD development and treat patients accordingly.

Awareness for the need for respiratory follow-up after suffering from early life lung disease is only just emerging and local efforts are putting specific clinics into place. As the prognosis and long-term consequences of early life lung disease are highly variable and cannot be predicted, these initiatives are essential in order to obtain better insight herein. To achieve this, the transfer of clinical data is an important issue. Patients and their data undergo transitions between multiple healthcare providers: from the obstetricians, the neonatologists and paediatricians to adult pulmonologists; and likely also between hospitals using separate databases and systems. Ethics and privacy regulations hinder the connection of these databases. For prospective monitoring, it will be essential to determine which clinical data and possibly biological samples should be collected and stored (infrastructure).

Prior to establishing standardized prospective follow-up, adult pulmonologists should at least become aware of early life events and exposures of their patients that might have significantly contributed to their current health problems (education). This insight into earlylife events can offer extremely valuable information to help our understanding of the pathogenesis of adult lung diseases and the heterogeneous representation of each individual condition.

Research

A major challenge in a multidisciplinary research approach to early origins of lung disease is connecting basic and translational researchers to understand the clinical conditions and manifestations. Based on the clinical definition of the respective lung disease, various animal models are utilized for these studies. However, not a single model fully represents the complexity of the human situation. Each individual model simulates specific parts of the condition. These models are chosen based on their appropriateness to answer a specific research question and contribute to moving the field forward. However, we need to increase awareness of their limitations (such as phenotypic variability observed in patients)

and search for alternatives to tackle them. Furthermore, better representative models for neonates should be established and coupled with ex vivo and in vitro models, including guton-a-chip or lung-on-a-chip.

Interdisciplinary approaches and collaborations will increase creativity and often the likeliness for major break-troughs. Here, interdisciplinary does not only relate to technologies, but also refers to the multi-systemic dimensions of lung diseases, the use of multiple exposure models to reflect the complexity of the clinical situation and also encompasses modelling and examination of the extra-pulmonary effects and inter-organ crosstalk and their consequences for the disease. Furthermore, Integration and connection of existing data sets from cohorts (infrastructure) should help to decipher gender-, ethnic-, age-and environment-specific effects as well as iatrogenic (for example antibiotics) causes linked to the onset of lung diseases.

To investigate how early life exposures and alterations in the microbiome could interfere with developmental, cellular, and immunological processes and ultimately contribute to development of lung disease, it is imperative that the composition of a physiologically 'healthy' lung at different times in early life is defined on these different levels.

This would allow for the recognition of altered processes that may predispose to lung Addressing these aims will not only provide new insights in the host-microbe interaction in the context of lung health and disease, but also offer new avenues for early intervention and prevention of respiratory disorders.

Infrastructure and tools

Without the proper infrastructure and tools, it is difficult to enhance and join our research efforts. Calls for interdisciplinary funding opportunities are scarce and it is imperative to join forces through collaborative networks. An important opportunity to move the field forward relies on the creation of cohort of patients with biospecimen repository similar to what has been done in the Global Alliance to Prevent Prematurity and Stillbirth (GAPPS) repository (https://www.gapps.org/), where the focus has been placed on the sharing of samples. This will allow not only the access to the samples but will also forge a collaborative and potentially pluridisciplinary effort toward achieving common goals to understand the mechanisms underlying the early origins of lung diseases. Moreover, enhanced infrastructure is needed to facilitate the acquisition of cross-country ethical approvals to aid in these efforts.

To ensure the acquisition of more reliable, valid and reproducible data in this field between different research groups and countries, it is imperative to develop a consensus analysis framework with standard operating procedures for sample preparation and acquisition, methods, instruments and bioinformatics pipelines. This requires an interdisciplinary network including clinicians, microbiologists, immunologists, molecular and cell biologists, computational scientists, and bioinformaticians. 

  and resistance to infections. Postnatal lung developmental changes, genetic influences and novel (micro)environmental cues shape the migration, expansion and/or maturation of pulmonary immune cells. Macrophage precursors, mainly originating from the foetal liver, seed the lungs during embryogenesis [100, 101]. These macrophage precursors at first reside in the interstitial space, to migrate to the alveolar space after birth, where they undergo final differentiation and remain with the potential of local self-renewal [102]. In line with the substantial adaptations of lung tissue at birth, several groups discovered the sudden release of the alarmin IL33 by alveolar epithelial cells type 2 (AEC2) [103, 104]. By studying the impact of IL33 on the postnatal immune development, it became clear that this phase is accompanied by an IL33-driven wave of type 2 immune cells, most prominently shown by the expansion and activation of innate lymphoid cells type (ILC) 2 and eosinophils [103, 104]. The expansion of ILC2s shapes the functional performance of newly differentiating AM, by dampening their pro-inflammatory phenotype, at the cost of an increased susceptibility to bacterial pneumonia [103], and at the same time, skews scarcely present neonatal dendritic cells (DC) to drive Th2 responses, thereby promoting asthma development at young age [104]. A scRNAseq study on mouse lungs before and after birth confirmed macrophage developmental trajectories and the IL33-driven ILC expansion [105]. Further, examining the receptor-ligand interaction in lungs, a resident basophil population was revealed, which functions as an amplifier of the IL13 and CSF2 driven maturation and expansion program of AMs after birth [105]. Another cell type shown to exert protective effects against bacterial pneumonia in neonates, are pulmonary ILC3s, which develop postnatally upon the support of lung fibroblast derived insulin-like growth factor 1 (IGF)1 [106]. Importantly so, newborns with BPD exhibit reduced IGF1 levels and ILC3 numbers in their bronchoalveolar lavage fluid, as do neonatal mice with experimental BPD.

  immune system contains mature T and B cells that are actively suppressed by regulatory T cells[107]. Moreover, nasal associated lymphoid tissue (NALT) is established before birth, while bronchus associated lymphoid tissue (BALT) expands rapidly postnatally [107]. This immature immune system is shaped following postnatal exposure to pathogens exemplified by (bacteria, viruses and fungi), and inhaled particles such as dust, pollen and animal dander. Moreover, genetic makeup is also an important factor in shaping of the immune responses in early life and can consequently influence lung disease development, as evidenced by the high heritability of an allergic phenotype (and asthma). The timing and nature of the exposures has a significant impact on the developing immune system and may result in skewing towards health or disease. The majority of studies to date have used peripheral blood, and have shown that T helper 2 (Th2) cell preference is required for a healthy pregnancy[108], but also that this preference is maintained during the neonatal period, reducing gradually during the first 2 years [109]. However, a deviation from this physiological Th2 skewing, with exaggerated Th2 responses in either pregnancy or the first 3 months of life has been associated with an increased risk of subsequent childhood asthma or wheeze [110]. Mouse models have shown that these Th2 cells are critical in development of allergic inflammation [111]. Factors that may result in accentuated or prolonged Th2 skewing include maternal allergy [112], but environmental exposures are also critical as has become apparent from the farming exposure studies [113]. Similarly, diet has a profound

  initiation, development and progression of respiratory disease has become apparent, and the microbiome plays a central role in these processes [117, 118]. Alterations in the gut microbiome composition can influence early life and adult immune development, and consequently affect the development of respiratory disease (gut-lung axis) [119-121].

  disease development. Epidemiological and intervention-studies (translational/clinical) are essential to define such physiological "healthy" conditions that lead to for example a healthpromoting lung microbiota and absence of lung disease. These studies should highlight the functional role of these processes and the importance of investigating the underlying molecular mechanisms.Finally, translational research should always aim for understanding, prevention and treatment of lung diseases. Endogenous and exogenous risk factors that negatively affect the development of the lung, pulmonary immune system and the lung microbiome and predispose for lung disease should be defined. Subsequently, new targets should be discovered to develop new treatment strategies, including maternal or postnatal nutritional interventions and antimicrobial treatments beyond antibiotics. Definition of nutritional aspects that promotes a healthy gut microbiota could enhance respiratory host defence mechanisms as part of immune homeostasis and decrease viral/bacterial infections/colonisations that may affect lung development, lung immune maturation and lung microbiome composition.
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