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ABSTRACT 
Background: IGF1R (Insulin-like Growth Factor 1 Receptor) is a ubiquitous tyrosine kinase that 

modulates multiple cellular functions including proliferation, growth, differentiation and survival. Since 

prenatal Igf1r knockout mice die shortly after birth, the generation of Igf1r conditional mutant mice would 

allow to avoid postnatal mortality. IGFs were reported to play a role in chronic lung pathologies including 

cancer, ARDS, COPD, pulmonary fibrosis and asthma, in which inflammation is a relevant component. 

Methods: Igf1r deficiency was induced in four-week-old UBC-CreERT2; Igf1rfl/fl mice by five consecutive 

intraperitoneal tamoxifen (TMX) injections to generate UBC-CreERT2; Igf1rΔ/Δ (CreERT2) mice. Then, six-

week-old CreERT2 male or female mice were intra-tracheally administered with a single dose of 

bleomycin (BLM) to study the implication of IGF1R in acute lung inflammation. In addition, eight- to 10-

week-old female CreERT2 mice were intranasally challenged with house dust mite (HDM) five days per 

week for four weeks to study the implication of IGF1R in chronic asthma pathobiology. On the other hand, 

inbred C57BL/6 and CreERT2 mice were given daily consecutive doses of HDM extract to study the acute 

allergic profile and the implication of IGF1R in acute asthma pathobiology. Finally, IGF1R deficiency was 

therapeutically induced in mice to evaluate the resolution of allergic airway inflammation.  

Results: Unchallenged eight-week-old CreERT2 male mice showed a significant reduction of Igf1r 

expression in all organs analyzed, reflected in delayed body growth and reduced size of testes. Testes 

revealed halted spermatogenesis and liver and alveolar lung parenchyma showed increased cell 

proliferation rates. In addition, the lung transcriptome analysis of CreERT2 mice identified differentially 

expressed genes with potentially protective roles. After bleomycin-induced lung injury, CreERT2 mice 

demonstrated improved survival, reduced expression of pro-inflammatory markers, up-regulation of 

resolution indicators, decreased vascular fragility and permeability and reduced inflammatory cell 

presence in BALF and lungs and alveolar damage. Following chronic HDM exposure, CreERT2 mice 

exhibited increased expression of surfactant genes, no AHR, and a selective decrease in blood and BALF 

eosinophils, lung IL13 levels, airway collagen and smooth muscle thickness, as well as a significant 

depletion of goblet cell metaplasia and mucus secretion markers. Moreover, acute HDM exposure in 

inbred C57BL/6 mice led to a progressive increase in inflammatory cells in BALF, airway remodeling and 

mRNA expression of allergic airway inflammation and remodeling markers and preventively-induced 

Igf1r-deficiency in mice demonstrated reduced neutrophil and eosinophil numbers in BALF and bone 

marrow, decreased airway remodeling and depleted levels of associated molecular indicators. 

Additionally, therapeutic targeting of Igf1r in mice, promoted the resolution of allergic airway 

inflammation and remodeling.  

Conclusions: These findings support that IGF1R function is highly dependent on cell, tissue and organ 

type, and identify IGF1R as an important player in murine acute lung inflammation and HDM-driven 

allergic airway inflammation. Thus, IGF1R is suggested to be a promising candidate for future therapeutic 

approaches for the treatment of respiratory diseases with persistent damage and inflammation.  
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1   INTRODUCTION 
1.1 The mouse respiratory system 

1.1.1 Structure and function  

The mouse respiratory system is composed of a set of branched tubes organized in three 

anatomical regions: trachea and main stem bronchi, intrapulmonary airways and the alveoli. In the 

proximal lung, a branched tubular network of conducting airways transports gases to and from the alveoli. 

In the distal part of the lung, the surface available for gas exchange is maximized by septation into 

hundreds of millions of alveoli, surrounded by a dense capillary network. In this region, the vital function 

of gas exchange depends on both the proper specification and 3D organization of epithelial cells and their 

close opposition to a dense capillary network.   

The basic design of the respiratory system is conserved among vertebrates, but there are important 

differences between mouse and human lungs (Figure 1). In mice, the largest airway, the trachea, has an 

internal diameter of ~1.5 mm, equivalent to the diameter of the small peripheral airways in the human 

lung. In mice, cartilage rings are only present in the extrapulmonary airways but, in humans, cartilage 

extends for several bronchial generations into the lung. Submucosal glands, which produce mucins and 

other factors, are restricted to only the proximal lung in the mouse but penetrate deep into the human 

lung. In addition, in the human lung there are more generations of intrapulmonary branches than in the 

mouse (Herriges and Morrisey 2014; Hogan et al., 2014; Rock et al., 2010; Rock and Hogan 2011; 

Volckaert and De Langhe 2014). 

 

Figure 1. Shematic comparison of the structure of mouse and human lungs (Rock et al., 2010)
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1.1.2 Cellular composition  

The cellular composition and 3D organization of the mouse lung vary along its proximodistal axis, 

consisting of a large variety of morphologically and functionally different cell types, whose roles include 

facilitating gas exchange, balancing fluids in the lung, detoxifying and clearing foreign agents, and the 

activation of inflammation due to injury (Figure 2) (Herriges and Morrisey 2014; Rock and Hogan 2011; 

Sullivan et al., 2010).  

The adult mouse trachea and primary bronchi are lined by a pseudostratified columnar epithelium 

containing basal, ciliated and club cells and a small number of neuroendocrine (NE) cells. In the intralobar 

or intrapulmonary bronchioles, the epithelium is simple columnar containing ciliated cells (GLUTUB+), 

secretory cells including club (SCGB1A1+) and goblet (MUC5AC+) cells and a higher number of NE cells 

than in the trachea. In this region, club cells predominate over ciliated cells and both ciliated and secretory 

cells drive mucociliary clearance, the process by which inhaled microorganisms and particulates are 

cleared from the lung. In addition, the transitional region between the terminal bronchioles and the alveoli 

or bronchioalveolar duct junction (BADJ) contains a few cells proposed as putative bronchioalveolar stem 

cells (BASCs) that coexpress SCGB1A1 and surfactant-associated protein C (SFTPC) proteins. On the other 

hand, the most distal region of the lung is organized into a complex system of alveoli lined by squamous 

alveolar epithelial type 1 cells (AEC1) and cuboidal alveolar epithelial type 2 cells (AEC2). AEC1 are the 

primary sites of gas exchange and fluid homeostasis regulation due to their high membrane to cytoplasm 

ratio, close apposition to the alveolar capillary network, and expression of ion channels and pores 

including AQP5. AEC2 cells are the main source of SFTPC and other components of pulmonary surfactant, 

a mix of extracellular proteins and lipids that decreases alveolar surface tension and contributes to host 

defense and alveolar homeostasis (Hogan et al., 2014; Rawlins and Hogan 2006; Rock and Hogan 2011).  

 

Figure 2. Cellular composition of the adult mouse lung epithelium (Modified from Rock and Hogan 2011). 
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1.1.3 Lung epithelial stem cell niches 

Adult resident stem or progenitor cells are implicated in both homeostatic tissue maintenance and 

functional restoration after injury in many organs, including the lung. Following postnatal growth, the 

lung reaches a steady state in which epithelial turnover is low. However, airway epithelial cells are 

constantly exposed to and damaged by potential toxic agents and pathogens in the environment, and their 

subsequent regeneration is a vital process in helping maintain the function and integrity of the lungs. 

Furthermore, many respiratory disorders such as asthma, COPD and pulmonary fibrosis, are the 

consequence of inefficient repair of respiratory epithelial injury and inadequate resolution of airway 

inflammation (Hogan et al., 2014). 

The lung epithelium is maintained by different stem cell populations along the proximo-distal axis 

(Figure 3). In proximal airways, basal stem cells (BSCs) are responsible for self-renewal or regeneration 

after injury but in more distal airways, altogether club cells, NE cells, BASCs and AEC2 cells are the main 

stem cell populations responsible for maintaining the lung epithelium integrity. In particular, BSCs can 

regenerate both club and ciliated cells of the trachea and proximal bronchi. In the bronchiolar region, club 

cells can regenerate themselves, goblet cells and ciliated cells and on the other hand, NE cells can 

regenerate both club and ciliated cells. The transitional part between the terminal bronchioles and the 

alveoli is known as the BADJ, a region known to harbor variant club cells that coexpress markers of both 

the secretory epithelium (SCGB1A1) and AEC2 (SFTPC) lineages, which have been referred to as BASCs. 

Within the alveolar region, alveolar progenitors can regenerate AEC2 cells that have been shown to self-

renew and differentiate into AEC1 cells after injury and during normal homeostasis (Herriges and 

Morrisey 2014; Hogan et al., 2014; Kotton and Morrisey 2014; Morrisey and Hogan 2010; Sullivan et al., 

2010; Volckaert and De Langhe 2014).  

 

Figure 3. Epithelial stem cell niches in the adult mouse lung (Modified from Herriges and Morrisey 2014). 
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1.2 Acute lung inflammation 

1.2.1 Bleomycin-induced lung injury 

Bleomycin (BLM) is a glycopeptide with antitumor activity, first isolated from the fungus 

Streptomyces verticillus by Umezawa and colleagues in 1966. It contains a DNA-binding region but also an 

iron-binding region at the opposite ends of the molecule. Iron is an essential cofactor for free radical 

generation and the cytotoxic activity of bleomycin. In the lung, BLM simultaneously binds DNA and Fe (II), 

which is oxidized to Fe (III) in the presence of oxygen, resulting in the reduction of oxygen to free radicals 

and subsequent single- and double-strand DNA breaks (Figure 4). This oxidative stress ultimately leads to 

cell death with higher reactive oxygen (ROS) and nitrogen (RNS) species production by activated 

inflammatory cells recruited into the injured lung (Chen and Stubbe 2005; Della Latta et al., 2015, Reinert 

et al., 2013).  

BLM can be inactivated by the enzyme bleomycin hydrolase but mice and specifically the strain 

C57BL/6 are more sensitive to BLM-induced toxicity because of the low expression of this enzyme in their 

lungs. It should be noted that differences in mouse strain susceptibility are also related to differential 

expression of genes involved in apoptosis or oxidative stress. Early inflammatory stages of lung injury 

have been experimentally studied using the intratracheal BLM mouse model because of its low complexity 

and high reproducibility. In mice, BLM has the ability to cause alveolar damage and pulmonary 

inflammation leading to acute lung inflammation (ALI) within a week. It is believed that initial damage to 

alveolar cells allows the drug access to the lung interstitium where subsequent epithelial damage occurs. 

BLM exposure induces an inflammatory response with an initial elevation of pro-inflammatory cytokines 

such as IL1B, TNF, and IL-6. BLM injury includes classical signs of ALI including damage to the alveolar 

epithelium and endothelial cells following accumulation of inflammatory cells in the alveolar interstitium 

and leakage of fluid and plasma proteins into the alveolar space (Chen and Stubbe 2005; Della Latta et al., 

2015; Foskett et al., 2014; Matute-Bello et al., 2008; Moeller et al., 2008; Moore and Hogaboam 2008; 

Mouratis and Aidinis 2011; Walkin et al., 2013).  

 
Figure 4. Activation of BLM by oxygen and iron (Della Latta et al., 2015). 

1.2.2 Biological mechanisms of acute lung inflammation 

Inflammation is a relevant component of many lung diseases including cancer, ARDS, COPD, 

pulmonary fibrosis and asthma (Conway et al., 2016; Johnson and Matthay 2010; Moldoveanu et al., 2009; 

Postma and Rabe 2015; Wynn 2011). In ALI, external agents such as BLM interact with both alveolar 

epithelial cells and macrophages. Alveolar macrophages release early-response pro-inflammatory 

cytokines at sites of injury, upregulating the expression of cell adhesion molecules and stimulating the 

endothelium to produce chemokines, which promote chemotactic migration of neutrophils into alveolar 

spaces through the alveolar-capillary membrane. Activated neutrophils along with activated macrophages, 
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release several pro-inflammatory mediators including ROS and RNS and proteolytic enzymes inducing 

apoptosis or necrosis of alveolar type I cells thus, denuding the alveolar side of the basement membrane. 

Both activated neutrophils and products of its own activation can alter endothelial barrier function by 

acting on cytoskeletal and junctional proteins and endothelial glycocalyx promoting migration of 

inflammatory cells across the barrier. Altogether, these events further exacerbate the pathological process 

by recruiting additional inflammatory cells that in turn produce more cytotoxic mediators and endothelial 

injury after ALI induction resulting in intercellular gaps. Finally, the increased permeability of the 

alveolar-capillary barrier permits the efflux of protein rich edema, which inactivates surfactant production 

(Figure 5) (Chow et al., 2003; Grommes and Soehnlein 2011; Johnson and Matthay 2010; Laskin et al., 

2011; Rodrigues and Granger 2015).  

                  

Figure 5. Biological mechanisms of acute lung inflammation (Kasper et al., 2015). 

It is noteworthy that oxidative and nitrosative stress are closely linked to lung injury. Although at 

physiological concentrations ROS/RNS mediate cellular functions including proliferation, differentiation, 

adhesion, migration, senescence and apoptosis, excess amounts can be toxic. Both oxidative and 

nitrosative stress in ALI occurs when ROS/RNS production is excessive, cellular antioxidant machinery 

function is reduced or when both situations occur simultaneously. Due to their strong oxidative capacity, 

ROS/RNS can induce damage at multiples levels in the lung including to nucleic acids, proteins, lipids, 

carbohydrates, cells membranes and mitochondria (Bargagli et al., 2009; Cheresh et al., 2013; Mittal et al., 

2014; Todd et al., 2011). 
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1.3 Asthma 

1.3.1 Background 

Approximately 300 million people worldwide suffer from asthma and in affluent societies 1 in 10 

children and 1 in 12 adults are affected with at least 250000 deaths attributed to the disease each year, 

which results in substantial morbidity and annual healthcare expenditure. Regarding to the prevalence in 

young teenagers, most people affected with asthma are in low- and middle income countries such as Latin 

America and English-speaking countries, and it seems that the prevalence continues to rise on these 

countries. It should be noted that asthma is currently considered as the most common chronic lung 

pathology (Fahy 2015; Global Asthma Report 2014; Lambrecht and Hammad 2012, Lambrecht and 

Hammad 2015, Masoli et al., 2004).  

Asthma is a chronic inflammatory disease of conducting airways characterized by recurring 

symptoms of reversible airflow obstruction, bronchial hyperresponsiveness and airway inflammation. 

Asthma exacerbations lead to repeated periods of shortness of breath, wheezing, cough and sputum 

production. Exacerbations can range from mild to severe and can result in near-fatal or fatal episodes of 

respiratory failure. Airway narrowing during asthma exacerbations results not only from concentric 

smooth muscle contraction but also from mucosal edema and the formation of pathological intraluminal 

mucus. The pathological changes that occur in the airway epithelium and submucosa are collectively 

called as airway remodeling, among them increased number of blood vessels and submucosal glands, 

subepithelial fibrosis and smooth muscle and goblet cell hyperplasia (Figure 6). Regarding the treatment 

of asthma, both inhaled β2-adrenergic receptor agonists and glucocorticoids continue to be the main 

treatment for individuals with asthma, although leukotriene receptor antagonists and IgE-directed 

therapies are now available as additional treatment options (Fahy 2015; Lambrecht and Hammad 2015).  

                    

Figure 6. Schematic representation of a normal (left) versus an asthmatic airway (right) (Fahy 2015). 
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1.3.2 House dust mite allergy 

The house dust mite (HDM) is globally ubiquitous in human habitats and a significant factor 

underlying allergic asthma. Geographical variations notwithstanding, the majority of allergic asthmatic 

individuals are sensitive to HDM. A comprehensive thesis of HDM allergy suggests that 1% to 2% of the 

world’s population might be affected, which is equivalent to 65 to 130 million persons. Dust provides a 

detrital habitat with 3 key macromolecules derived from organic debris which are the main food staple of 

HDM: keratin (human skin scales), cellulose (textile fibers), and chitin (fungal hyphae and mite cuticles). 

HDM diet also extends to fibers, bacteria, pollen, fungal mycelia, and the spores of microorganisms. During 

digestion, disassociated digestive cells containing allergenic enzymes bind to ingested food, which are 

then excreted in the HDM fecal pellets (Figure 7). The main source of HDM allergens are Dematophagoides 

pteronyssinus species, whose allergic potential rests with the mites themselves and with their fecal pellets 

which contains Derp1 allergens with cysteine protease activity. Derp1 allergens exhibits a complex 

mixture of molecules including proteases, allergen epitopes, and activators of the innate immune system 

serving as adjuvants to disrupt intercellular tight junctions leading to cytokine, chemokine, and growth 

factor production and cellular influx, as well as airway remodeling and mucus hypersecretion (Buday and 

Plevkova 2014; Calderón et al., 2015; Gregory and Lloyd 2011).  

 

Figure 7. Components of HDM and their associated fecal pellets and dust (Gregory and Lloyd 2011). 

1.3.3 Pathogenesis of allergic asthma 

It is widely considered that the airway epithelium is an essential controller of inflammatory, 

immune, and regenerative responses in asthma. In the case of HDM-induced asthma, airway epithelial 

cells secrete cytokines and chemokines in response to proteolytic allergens such as Derp1 through 

activation of protease-activated receptor 2 that secretes endogenous danger signals, thereby activating 

dendritic cells and bridging innate and adaptive immunity. The powerful allergenic effects of HDM are 

thought to be orchestrated through 2 main routes: Th2 CD4+ T lymphocytes that induce and drive the   
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IgE-dependent allergic response and the innate immune system (Figure 8) (Calderón et al., 2015, 

Lambrecht and Hammad 2012; Whitsett and Alenghat 2015).  

       

Figure 8. Pathogenesis of allergic asthma (http://what-when-how.com/acp-medicine/asthma-part-1). 

When the allergen is inhaled into the airway, it is taken up and processed by dendritic cells. Then, 

dendritic cells are stimulated to migrate from the airway mucosa to regional lymph nodes by the epithelial 

cytokines IL25, IL33, TSLP and GM-CSF. Upon arrival at the lymph nodes, dendritic cells present the 

processed antigenic peptides to Th0 CD4+ T lymphocytes, which begin to proliferate. Simultaneously, 

dendritic cells attempt to skew the cytokine profile of the developing T lymphocytes to cause them to 

become Th1 or Th2 cells. Release of IL4 and IL13 by Th2 cells, stimulates B cells to produce IgE, which 

binds to the surface of mast cells and basophils. Inhaled antigen binds to IgE, stimulating the mast cells to 

degranulate, which in turn leads to the release of mediators of both the acute and late responses, including 

histamine and leukotrienes (LTs), but also inflammatory cytokines which serve to perpetuate 

inflammatory events in the airway. Allergen specific IgE also facilitates allergen uptake by dendritic cells. 

Specifically, during the acute response, histamine and leukotrienes produce the increase of smooth muscle 

tone resulting in bronchospasm and airway edema. Simultaneously, Th2 cells migrate to subepithelial 

mucosa from the bloodstream and produce mainly IL5 and IL13 to mediate the inflammatory and 

remodeling changes. The release of eosinophils from bone marrow is dependent on leukotrienes derived 

from mast cells and epithelial-derived chemokines including CCL11 (eotaxin-1) and IL5 derived from both 

mast cell activation and Th2 CD4+ T lymphocytes. Specifically, IL4 and Il13 act on IL-5 and CCL11, which 

selectively stimulate eosinophil and mast cell recruitment and activation. Locally generated IL-4 and IL-13 

promote the increase of eosinophil adhesion to lung vasculature and the cytokines IL-5 and GM-CSF 

promote the local survival of eosinophils. During the late response, the eosinophils reach the airways 
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through the vasculature, releasing high inflammatory granule-associated proteins with cytotoxic, 

immunological, and remodeling properties in the lung. Specifically, eosinophils are a rich source for 

leukotrienes, inflammatory cytokines and growth factors (GFs). Upon entry into airway tissue, both 

eosinophils and Th2 cells secrete their products, which, in addition to the mast cell products, are thought 

to lead to mucous cell metaplasia and smooth muscle hyperplasia/hypertrophy which are the basis for the 

hyperresponsiveness and airflow obstruction. Other structural changes are subepithelial fibrosis, 

increased vascularity and airway injury and inflammation (Figure 8) (Calderón et al., 2015; Erle and 

Sheppard 2014; Gregory and Lloyd 2011; Hammad and Lambrecht 2008; Lambrecht and Hammad 2015; 

Lemanske and Busse 2010; Lukacs 2001; Possa et al., 2013).  

1.4 Insulin-like growth factors (IGFs) 

1.4.1 The IGF/Insulin system: signaling and function in the lung  

The insulin-like growth factor 1 receptor (IGF1R) is a ubiquitously expressed membrane-bound 

tyrosine kinase receptor formed by two β subunits with the intracellular tyrosine kinase signaling domain 

and two extracellular α subunits that recognize its two major ligands, IGF1 and IGF2 (Figure 9).  

 
Figure 9. The IGF/Insulin system: signaling and function in the lung.  

IGF2 also interacts with a second receptor (IGF2R) that reduces IGF2 signaling through lysosomal 

degradation. Homology between IGF1R and the insulin receptor (INSR) allows IGF signaling through INSR, 

although with lower affinity; and vice versa, insulin (and pro-insulin) can activate IGF1R. Furthermore, 

IGF1R and INSR can form hybrid receptors, which have a high binding affinity for IGF1, thereby 

functioning as IGF1R. Noteworthy, IGF activity and availability are modulated by six high-affinity IGF 

binding proteins (IGFBPs 1-6). Although IGF1R expression has been found in almost all tissues and cell 

types during pre- and postnatal development and in adults, IGF1R and ligand expression is tightly 

regulated in a cell type-specific and spatiotemporal manner. Binding of ligands to IGF1R causes activation 
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of various signaling pathways, including mitogen-activated protein kinases (MAPKs), involved in cell 

proliferation and differentiation, PI3K/Akt, with proven cell survival activity and signal transducers and 

activators of transcription proteins (STATs). IGF1R function is pleiotropic: it controls cell and body 

growth and tissue homeostasis of endocrine, paracrine and autocrine action of IGFs, playing important 

roles in regulation of cell survival, proliferation, differentiation, adhesion, migration, metabolism and 

senescence.  These actions keep lung homeostasis, with implications in lung development, self-renewing 

and repair after injury (Annunziata et al., 2011; Girnita et al., 2014; Crudden et al, 2015; LeRoith and 

Roberts 2003; Pollak 2008).   

1.4.2 Regulation of circulating and tissue levels of IGFs 

At the whole organism level, most circulating insulin-like growth factors are produced in the liver, 

whereas insulin is produced by the pancreatic β cells (Figure 10). In particular, the Growth Hormone 

(GH), which is produced in the pituitary gland under control of the hypothalamic factors growth hormone 

releasing hormone (GHRH) and somatostatin (SMS), is a key stimulator of IGF1 production. Various IGF-

binding proteins (IGFBPs) are also produced in the liver. Noteworthy, IGF2 is also expressed both in the 

liver and in extrahepatic sites, but it is not tightly regulated by GH. In IGF responsive tissues, the ligands 

IGF1 and IGF2 as well as IGFBPs can be delivered through the circulation from the liver (an ‘endocrine’ 

source), but IGFs and IGFBPs can also be locally produced through autocrine or paracrine mechanisms 

(Pollak et al., 2004; Pollak 2008).  

 

 

 

 

 

 

 

 

 

 

 
 
 

 
Figure 10. Regulation of circulating and tissue levels of IGFs (Pollak 2008).  

1.4.3 IGFs in human pathology 

IGF1/IGF1R signaling is implicated in multiple human pathologies, including intrauterine and 

postnatal growth failure, microcephaly, mental retardation and deafness (Abuzzahab et al., 2003; Raile et 

al., 2006; Varela-Nieto et al., 2013; Walenkamp et al., 2005; Walenkamp et al., 2008). Furthermore, IGF1R 

is overexpressed in multiple tumors and targeting its activity is being considered a promising therapy for 

cancer (Corvaia et al., 2013; Iams and Lovly 2015; Pollak 2008; Werner and Bruchim 2009).  
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Particularly, IGF activity was extensively reported in maintaining human lung homeostasis, as it 

seems to be highly relevant in chronic lung pathologies including cancer, ARDS, COPD, pulmonary fibrosis 

and asthma (Agulló-Ortuño et al., 2015; Ahasic et al., 2014; Esnault et al., 2013; Hoshino et al., 1998; Hsu 

and Feghali-Bostwick 2008; Pala et al., 2001; Ruan and Ying 2010; Takasaka et al., 2014; Veraldi et al., 

2009; Ye et al., 2014). In addition, IGF1R mutations have been identified in humans presenting lung 

anomalies such as lung hypoplasia and pulmonary hypertension (Gannage-Yared et al., 2013, Roback et al., 

1991).  

1.4.4 IGFs in mouse development  

Targeted mutations of IGF genes in the mouse indicate that IGF signaling is relevant for lung tissue 

development, homeostasis and repair. In this sense, classical Igf1r-deficient mice die at birth presumably 

due to respiratory failure and exhibit a 55% decrease in body weight compared to wild type controls. 

Prenatal Igf1r knockout embryos exhibit growth retardation and generalized developmental 

abnormalities, comprising altered central nervous system, abnormal skin formation, delayed bone 

development, reduced pancreatic beta-cells, failure of testicular determination, cochlear defects and lung 

immaturity (Bonnette and Hadsell 2001; Epaud et al., 2012; Liu et al., 1993; Nef et al., 2003; Okano et al., 

2011; Scolnick et al., 2008; Withers et al., 1999). In particular, Igf1r knockout embryos die at birth as they 

show lungs with strong hypoplasia, atelectasis, increased cell proliferation and apoptotic rates, vascular 

abnormalities, and altered alveolar differentiation (Epaud et al., 2012; Holzenberger et al., 2000; Liu et al., 

1993). Accordingly, prenatal Igf1-/- mice die shortly after birth due to respiratory failure showing lungs 

with severe hypoplasia, increased cell proliferation rates and altered alveolar differentiation and 

vasculogenesis, among other abnormalities (Moreno-Barriuso et al., 2006; Pais et al., 2013). Remarkably, 

an inflammatory component is present in several chronic lung pathologies including cancer, ARDS, COPD, 

pulmonary fibrosis and asthma. On this basis, the generation of Igf1r conditional mutant mice to avoid the 

postnatal mortality observed in knockout mice, would allow the generation of mouse models for the study 

of implication of IGF1R in these pathologies.  

1.4.5 Expression of IGF1R in the mouse lung and implication in airway epithelial regeneration 

The adult mouse lung display the highest level of IGF1R activation of any organ upon challenge with 

IGF1 (Moody et al., 2014). Expression profiles of IGF1R performed in the mouse lung support their 

functional implication in pulmonary ontogeny. Although IGF1R is present throughout the entire lung, the 

highest expression levels were found in epithelial cells, alveolar macrophages, and the smooth muscle 

(Figure 11) (López et al., 2016). Specifically, IGF1R expression in smooth muscle and endothelial cells of 

pulmonary blood vessels also indicates a role of this receptor in lung vasculature, as described elsewhere 

(Abbas et al., 2011; Engberding et al., 2009). Notably, similar expression patterns have been also 

described in both the prenatal mouse lung and the adult human lung (Pais et al., 2013; Uhlen et al., 2015). 

Regeneration of lung epithelium is vital for maintaining airway function and integrity. Thus, an 

imbalance between epithelial damage and repair is at the basis of numerous chronic lung diseases such as 

asthma, COPD and pulmonary fibrosis (Hogan et al., 2014). Little was known about the role of IGF1R in 

bronchiolar epithelial regeneration. In this regard, it was recently reported that the conditional deletion of 

Igf1r in the murine pulmonary epithelium followed by selective club cell ablation, altered the bronchiolar 
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epithelium homeostasis, causing increased proliferation and delayed differentiation of club and ciliated 

cells. This findings support the implication of IGF1R in maintaining control of bronchiolar epithelial 

regeneration after injury, by keeping an adequate balance between proliferation and differentiation in 

basal progenitor cells (López et al., 2016). 

 

Figure 11. (a-b) Immuno-staining for IGF1 (a) and IGF1R (b) (green labeling) in six-month-old lungs. Distal 

bronchiolar epithelium showed strong staining for both proteins (green arrows). Note that IGF1R was also found 

scattered throughout the alveolar parenchyma (green arrowheads in b). (c-m) Immuno-staining for IGF1R (green 

labeling), counterstained in red with lung cell-type specific markers and blue with DAPI to visualize nuclei, in three-

month-old lungs. (c) All bronchiolar epithelial cells showed co-localization of IGF1R (green arrows) with nuclear 

Nkx2-1 (orange arrows), and also co-localized with Nkx2-1+ AEC2 cells in the alveoli (orange arrowheads). There 

were Nkx2-1- alveolar cells that additionally stained for IGF1R (green arrowheads). (d) IGF1R strongly stained 

abundant Scgb1a1+ club cells in terminal bronchioles (orange arrows), and in apical cilia of scarce ciliated cells (green 

arrows). (e) IGF1R stained the cytoplasm of Pre-Sftpc+ AEC2 cells (orange arrows), and additional cells in alveolar 

spaces (green arrow). (f) IGF1R co-stained with Pdpn in areas of the apical membrane in AEC1 cells (orange 

arrowheads). Note the light staining of IGF1R in vein endothelial cells (green arrowheads). (g) IGF1R co-localized with 

endothelial Pecam1+ cells (orange arrows), more abundantly in capillaries under the pleura (orange arrowhead). (h) 

IGF1R co-localization with the F4/80+ alveolar macrophage marker in cells located in alveolar spaces (orange 

arrowhead). (i) IGF1R stained Cgrp+ neuroendocrine cells (orange arrowheads) in proximal bronchioles. (j) IGF1R 

staining in Scgb1a1+ proximal bronchiole club cells is faint (orange and red arrows), but strong in apical membranes 

(cilia) of ciliated cells (green arrows). In an adjacent section (k), the Glu-Tubulin (GluTub, a cilium specific marker) 

stained the same ciliated cells (green arrows) as in K, whereas Scgb1a1 stained club cells (red arrows). (l) Pulmonary 

artery smooth muscle showed strong staining for IGF1R (green arrow), whereas para-bronchiolar smooth muscle 

stained fainter (asterisk). (m) α-SMA+ smooth muscle cells in veins also co-express IGF1R (orange arrowhead), as 

does the para-bronchiolar smooth muscle (asterisk). al, alveolus; ar, artery; MΦ, macrophage; pb, proximal 

bronchiole; tb, terminal bronchiole; ve, vein. Scale bar in N: 32 μm in B; 50 μm in C; 34 μm in D-E; 16.6 μm in F; 12,5 

μm in G, I, J; 18 μm in K-L; and 25 μm in M-N (López et al., 2016). 
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1.5 Role of IGFs in inflammation and allergy 
IGFs seem to play an important role in the inflammatory process as they appear to modify several 

aspects of inflammation by influencing the actions of cytokines and other inflammatory mediators (Smith 

2010). Specifically, both IGF1R and IGF1 could play an important role in the proliferation of alveolar 

macrophages taking place during inflammation (Rom and Pääkkö 1991). In this regard, ablation of the 

macrophage IGF1-IGF1R axis in mice inhibits the NLRP3 inflammasome, a protein complex that is 

activated in response to lung injury, which indicates that IGF1R plays an important role in initiation of the 

inflammatory process (Spadaro et al., 2016). In addition, oxidative stress is a key process in the onset of 

the inflammatory response. In this sense, it was reported that IGF1R plays a critical role in the regulation 

of pulmonary resistance to oxidative stress, since mice with compromised IGF1R signaling displayed 

oxidative stress resistance (Ahamed et al., 2005; Kim et al., 2012a).  

Although little is known about the role of IGFs in human asthma, IGF1 and IGFBP3 were suggested 

to be involved in allergic airway inflammation and remodeling and IGF1R was found to be upregulated in 

BAL cells of asthmatic patients (Esnault et al., 2013; Hoshino et al., 1998; Veraldi et al., 2009). In mice, 

IGF1 was reported to be a relevant mediator of allergic airway inflammation and remodeling, and that 

IGFBP3 blocks specific physiological consequences of asthma (Kim et al., 2012b, Lee et al., 2011, 

Yamashita et al., 2005).  

On the basis that an inflammatory component is present in several chronic lung pathologies 

including cancer, ARDS, COPD, pulmonary fibrosis and asthma, the study of implication of IGF1R in acute 

lung inflammation and allergic airway inflammation using Igf1r conditional mutant mice would allow the 

development of future therapeutic approaches for these pathologies.  

1.6 The Cre/lox site-specific recombination system 
The Cre/lox site-specific recombination system is an important tool for generating conditional 

somatic mouse mutants. This method allows gene activity to be controlled in both space and time in 

almost any mouse tissue, and thus sophisticated animal models of human diseases can be created. This 

approach takes advantage of the properties of P1 phage Cre recombinase, a 38 kDa enzyme that 

recognizes a 34 bp DNA sequence called loxP. The basic strategy for Cre/lox-directed gene knockout 

experiments is to flank, or ‘‘flox’’, an essential sequence of the gene of interest. Introduction of loxP sites 

flanking a DNA target sequence enables binding by Cre-recombinase and either inversion or excision of 

the sequence, depending on the respective orientation of the loxP sites, thus generating a null allele in all 

cells where Cre is active (Figure 12) (Feil et al., 1997; Feil 2007; Feil et al., 2009; Hayashi and McMahon 

2002, Metzger and Chambon 2001; Ruzankina et al., 2007).  

The UBC-CreERT2 transgene consist of an Ubiquitin C gene promoter which drives generalized Cre-

recombinase expression and the CreERT2 fusion protein consisting of the Cre recombinase fused to a 

triple mutant form of the human estrogen receptor. CreERT2 is insensitive to the natural ligand (17β-

estradiol) but functions as a specific receptor for the synthetic ligand 4-hydroxytamoxifen (4-OHT) 

(Danielian et al., 1993). In the absence of 4-OHT, CreERT2 is sequestered in the cytoplasm, complexed with 

the heat shock protein 90 (HSP90) (Mattioni et al., 1994). Binding to 4-OHT disrupts the interaction with 
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HSP90 and permits the translocation of CreERT2 to the nucleus wherein it catalyzes loxP-specific 

recombination events, resulting in deletion of flanked sequences in widespread cells/tissues (Hayashi and 

McMahon 2002) (Figure 12).  

    

Figure 12. TMX-inducible Cre/lox site-specific recombination system. 
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2   AIMS OF THE THESIS 
The overall aim of this thesis was to investigate the implication of IGF1R in acute lung inflammation and 

HDM-induced allergy. The following specific aims were proposed: 

1. To analyze the differential organ phenotypes after postnatal Igf1r gene conditional deletion in mice 

(Paper I).  

2. To investigate the implication of IGF1R on the inflammatory process that occurs during BLM-induced 

acute lung injury in mice (Paper II). 

3. To study the implication of IGF1R on airway hyperreactivity and mucus secretion in a chronic HDM 

model of asthma (Paper III).  

4. To evaluate the implication of IGF1R in murine acute asthma pathobiology and resolution of allergic 

airway inflammation following HDM exposure (Paper IV).  
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3   MATERIALS AND METHODS  
3.1 Ethics statement 

All experiments and animal procedures were carried out following the guidelines laid down by the 

European Communities Council Directive of 24 November 1986 (86/609/EEC) and were revised and 

approved by the CIBIR Bioethics Committee (refs 03/12, 13/12, JGP02_1 and JGP02_2). On the other hand, 

the experimentation conducted in Sweden, were carried out in accordance with ethical permit N152/15 

approved by the Regional Committee of Animal Experimentation Ethics (Stockholm, Sweden). 

3.2 Generation of UBC-CreERT2; Igf1rΔ/Δ mice  
UBC-CreERT2; Igf1rfl/fl mice were created in two generations by mating hemizygous UBC-CreERT2 

transgenics (Tg(UBC-cre/ERT2)1Ejb; MGI:3707333) with a 129SvEv/C57BL/6 mixed genetic background 

(Ruzankina et al., 2007), with homozygous Igf1rfl/fl mutants (Igf1rtm1Jcbr; MGI:3818453) that had a C57BL/6 

background (Kloting et al., 2008) (F0). UBC-CreERT2; Igf1rfl/+ heterozygous mice generated in F1 were 

backcrossed with Igf1rfl/fl to yield an F2 with equal proportions of four genotypes, among them mice of the 

new UBC-CreERT2; Igf1rfl/fl double transgenics and the Igf1rfl/fl mice, both with a 129SvEv/C57BL/6 mixed 

genetic background. UBC-CreERT2; Igf1rfl/fl double transgenic mice were crossed with Igf1rfl/fl mutants to 

directly generate descendants with equal proportions of both parental genotypes, which were used in 

experiments to study the differential organ phenotypes after postnatal Igf1r gene conditional deletion and 

to determine the role if Igf1r in acute lung inflammation and HDM-induced allergy (Figure 13).  

 

Figure 13. Strategy to achieve TMX-induced Igf1r gene deletion in UBC-CreERT2; Igf1rfl/fl double mutant mice in two 

generations (F2), by mating hemizygous UBC-CreERT2 transgenics with homozygous Igf1rfl/fl mutants (F0), followed 

by a backcross mating in F1. Proportion of genotypes is given in percentages according to Mendelian inheritance. The 

diagram represents the genomic organization on each locus in the different genotypes. Black arrowheads denote 

location of loxP sites flanking exon 3 in Igf1r gene. Postnatal TMX administration to F2 mice activates Cre recombinase 

to promote Igf1r exon 3 deletion exclusively in UBC-CreERT2; Igf1rfl/fl mice, but not in Igf1rfl/fl (controls) mice. TMX, 

tamoxifen. 
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It should be noted that both UBC-Cre-ERT2; Igf1rfl/fl and Igf1rfl/fl mice were never employed for 

breeding purposes. To induce a postnatal Igf1r gene conditional deletion, 4 week-old male or female UBC-

CreERT2; Igf1rfl/fl double transgenics were injected intraperitoneally with tamoxifen (TMX) solution 

(Sigma-Aldrich, St. Louis, MO) (75 mg/kg) dissolved in corn oil (Sigma-Aldrich) at a concentration of 20 

mg/ml for five consecutive days (D0–D4) to obtain the Igf1r-deficient UBC-CreERT2; Igf1rΔ/Δ (CreERT2) 

mice (Figure 14) (López et al., 2015). Igf1rfl/fl mice were also injected with TMX as TMX-experimental 

controls. Animals were monitored for adverse effects, and if these become apparent, treatment was 

stopped.  

 

Figure 14. Schematic representation of the experimental protocol designed to generate UBC-CreERT2; Igf1rΔ/Δ 

(CreERT2) mice and for the study of the differential organ phenotypes. TMX or vehicle (oil) administration was 

performed daily for 5 days, from D0 to D4, on 4 week-old mice (W4). Their weights were measured weekly up to D56 

(W12). For molecular and histological analysis of different organs, some mice were sacrificed at D27 (W8). TMX, 

tamoxifen.  

3.3 Mouse genotyping 
Mice were genotyped by standard PCR analysis of tail DNA obtained as described (Pais et al., 2013), 

and using specific primers for each gene designed as shown in (Figure 15a-b). Presence of UBC-CreERT2 

transgene was detected using primers F (5ʼ-TGAAGCTCCGGTTTTGAACT-3ʼ) and R (5ʼ-

TGGTGTACGGTCAGTAAATTGG-3ʼ), in combination with two additional primers for the IL2 gene, IL2F (5ʼ-

CTAGGCCACAGAATTGAAAGATCT-3ʼ) and IL2R (5ʼ-GTAGGTGGAAATTCTAGCATCATCC-3ʼ), used as an 

internal PCR positive control. They rendered 255 and 325 bp-long amplicons, respectively (Figure 15a, 

c). To identify Igf1r wild type (wt) or flox (fl) alleles, both the forward F1 (5ʼ-TCCCTCAGGCTTCATCCGCAA-

3ʼ) and the reverse R1 (5ʼ-CTTCAGCTTTGCAGGTGCACG-3ʼ) primers were used, which generated a 300 

and/or 380 bp amplicon for each allele, respectively (Kloting et al., 2008) (Figure 15b-c). Igf1r deletion 

was detected using the following primers: F3 (5ʼ-TTATGCCTCCTCTCTTCATC-3ʼ) and R1 (5ʼ-

CTTCAGCTTTGCAGGTGCACG-3ʼ) which can generate three products of 1300, 1220 and 491 bp (Figure 

15b-c). The PCR conditions were as follows: (1) For UBC-CreERT2 and IL2 genes: 94 °C for 3 min; 30 

cycles of 94 °C for 30 s, 60 °C for 30 s, and 72 °C for 30 s; finally 72 °C for 7 min. (2) For Igf1r wt/fl alleles: 

94 °C for 3 min; 35 cycles of 94 °C for 30 s, 56 °C for 30 s, and 72 °C for 30 s; finally 72 °C for 7 min. And 

lastly (3) for Igf1r deletion: 95 °C for 4 min; 30 cycles of 95 °C for 45 s, 58 °C for 45 s, and 72 °C for 80 s, 

and finally 72 °C for 10 min. 
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Figure 15. Primers and amplicon sizes to identify presence of the UBC-CreERT2 transgene and the different Igf1r 

allelic forms by standard PCR analysis. (a) UBC-CreERT2 transgene elements and location of F/R primers for PCR 

genotyping. (b) Genomic DNA organization in alternative allelic forms of the Igf1r locus (wt, floxed and deleted), and 

specific primers (F1, F3 and R1) used for Igf1r locus analysis by PCR. (c) Expected amplicon sizes in PCR assays to 

identify presence of the UBC-CreERT2 transgene and the different Igf1r allelic forms. IL2 primers were used as 

constitutive positive controls when genotyping hemizygous UBC-CreERT2 mice. 

3.4 Generation of the BLM-induced acute lung injury mouse model  
Tamoxifen (TMX) was administered daily for five consecutive days to four-week-old UBC-Cre-ERT2; 

Igf1rfl/fl and Igf1rfl/fl mice to induce a postnatal Igf1r gene conditional deletion in UBC-Cre-ERT2; Igf1rfl/fl 

mice (López et al., 2015). Then, six-week-old CreERT2 and Igf1rfl/fl male or female mice (equal sex 

proportions) were intra-tracheally instilled with either a single dose of 2.5 μl/g body weight of BLM 

sulfate (5 U/kg) (EMD Millipore, Billerica, MA) in saline (2 U/ml) or saline (SAL) at D0, under a ketamine-

xylazine anesthetic combination in saline (100:10 mg/kg respectively; 10 μl/g). Animals were monitored 

for 21 days to determine survival rates of both CreERT2 and Igf1rfl/fl mice after BLM challenge. Those 

animals that reached the human endpoint, as specified by the CIBIR Bioethics Committee protocol ref. 

13/12, were also considered to be dead animals at each time point. The human endpoint criteria were 

applied when there was severe involvement of one of the specific (body weight, respiratory pattern and 

bleeding), or moderate involvement of two or more of the general (appearance, natural behavior) or 

specific parameters occurred. For acute lung injury studies, animals were sacrificed and tissues were 

collected at D3 (Figure 16). 

 

Figure 16. Establishment of the BLM-mediated acute lung injury model. TMX was administered daily for five 

consecutive days to four-week-old UBC-CreERT2; Igf1rfl/fl mice to induce a postnatal Igf1r gene conditional deletion 

using Igf1rfl/fl mice as experimental controls. Then, six-week-old CreERT2 and Igf1rfl/fl mice were intra-tracheally 

instilled with 2.5 μl/g BLM (2 U/ml) or saline using a ketamine-xylazine anesthetic combination. Cellular and 

molecular analyses were assessed on day (D) 3, based on survival curves. TMX, tamoxifen; BLM, bleomycin.  

a 

b 

c 
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3.5 Establishment of the murine models of experimental asthma  
Eight- to 10-week-old female mice were intranasally (i.n.) challenged with daily consecutive doses 

of 40 μg of HDM extract (Greer Laboratories Inc, Lenoir, NC) in 20 μl of PBS (2 mg/ml) or equal volume of 

PBS under light isoflurane anesthesia. Females were used due to their reported higher susceptibility to 

allergic airway inflammation (Melgert et al., 2005). Four different protocols of HDM exposure were used: 

1) CreERT2 and Igf1rfl/fl mice were administered HDM extract five days a week during four weeks and lung 

function assessment and bronchoalveloalar lavage fluid (BALF), serum and lungs were collected 24 h after 

the last exposure on day 28 (chronic HDM model) (Figure 17); 2) inbred C57Bl/6 mice were given seven 

doses of HDM extract or PBS and BALF and lungs were collected 24 h after the last exposure on days (D) 3, 

D5 or D7 (acute HDM protocol) (Figure 18a); 3) UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl mice were treated 

with tamoxifen (TMX) for five consecutive days at four weeks of age to induce a postnatal Igf1r gene 

deletion in UBC-CreERT2; Igf1rfl/fl mice (López et al., 2015). After TMX treatment, CreERT2 and Igf1rfl/fl 

mice  were administered with seven doses of HDM extract or PBS and bone marrow, serum, BALF and 

lungs were harvested 24 h after last dose on D7 (prophylactic protocol) (Figure 18b); and 4) UBC-

CreERT2; Igf1rfl/fl and Igf1rfl/fl mice were challenged with seven (first set of animals non-treated with TMX 

and sacrificed at D7) or fourteen doses of HDM extract or PBS (second set of animals receiving five 

consecutive intraperitoneal TMX injections between D7 and D11 to induce Igf1r deletion in UBC-CreERT2; 

Igf1rfl/fl mice, to generate CreERT2 mice), followed by serum, BALF and lung tissue collection 24 h after the 

last exposure (therapeutic protocol) (Figure 18c). All animals were bred and maintained under specific 

pathogen-free conditions in laminar flow caging at CIBIR and Karolinska Institutet animal facilities. 

 

Figure 17. Protocol for chronic exposure to HDM. Eight- to 10-week-old female CreERT2 mice and their controls 

(Igf1rfl/fl) were challenged by intranasal administration of 40 μg of house dust mite (HDM) extract in 20 μl of 

phosphate buffered saline (PBS) (2 mg/ml) or equal volume of PBS under inhaled isoflurane anesthesia, five days a 

week during four weeks. Lung function assessment and BALF, serum, and lungs were collected 24 h after the last 

exposure on day (D) 28.  

3.6 In vivo measurement of lung function 
After chronic exposure to HDM CreERT2 and Igf1rfl/fl mice were deeply anesthetized with a 

combination of 2.5 μl/g of hypnorm (VetaPharma Ltd, Leeds, UK) and 12.5 μg/g of midazolam (Hameln 

Pharmaceuticals GmbH, Hameln, Germany). Lung function following exposure to increasing 

concentrations of aerosolized methacholine (0, 15, 65 and 250 mg/ml) was evaluated using the flexiVent 

system (Scireq, Montreal, QC, Canada). Newtonian resistance (Rn), tissue damping (G), and tissue 

elastance (H) were determined by assuming a constant-phase model. 
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Figure 18. Experimental protocols for acute exposure to HDM and prophylactic and therapeutic induction of Igf1r 

deficiency. Eight- to 10-week-old (W8-10) female mice were intranasally challenged with daily consecutive doses of 

40 μg of HDM extract in 20 μl of PBS (2 mg/ml) or equal volume of PBS. (a) Inbred C57BL/6 mice were given seven 

doses of HDM extract or PBS, and BALF and lungs were collected 24 h after the last exposure on days [D] 3, D5 or D7 

(acute HDM protocol). (b) UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl mice were treated with tamoxifen (TMX) for five 

consecutive days at four weeks of age (W4) to induce a postnatal Igf1r gene deletion in UBC-CreERT2; Igf1rfl/fl mice, 

and were administered later with seven doses of HDM extract or PBS and bone marrow, serum, BALF and lungs were 

harvested 24 h after last dose on D7 (prophylactic protocol). (c) UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl mice were 

challenged with seven (first set of animals non-treated with TMX and sacrificed at D7) or fourteen doses of HDM 

extract or PBS (second set of animals receiving five consecutive intraperitoneal TMX injections between D7 and D11 

to induce Igf1r deletion in UBC-CreERT2; Igf1rfl/fl mice, to generate CreERT2 mice). Serum, BALF and lungs were 

collected 24 h after the last exposure (therapeutic protocol). HDM, house dust mite; PBS, phosphate buffered saline; 

TMX, tamoxifen. 
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3.7 Tissue collection and preparation  
Before tissue collection, animals were euthanized by intraperitoneal injection of 10 μl/g of a 

ketamine-xylazine anesthetic combination in saline (300:30 mg/kg respectively). Blood was then collected 

by cardiac puncture, and serum was obtained by centrifugation at 3000 xg and stored at -80°C until further 

usage.  

Bone marrow (BM) was isolated (only from CreERT2 and Igf1rfl/fl mice after BLM treatment or acute 

HDM exposure), from one single femur per animal. After dissection, the femoral heads were incised and 

femurs were positioned in bottom perforated 0.5 ml tubes placed inside 1.5 ml tubes. After centrifugation 

at 10000 ×g for 15 seconds, BM was suspended in 500 μl PBS and centrifuged at 300 ×g for 5 min at 4 °C. 

Following aspiration of the supernatant, BM pellets were resuspended in 500 μl of ACK lysing buffer 

(Thermo Fisher Scientific, Waltham, MA). After 10 minutes of incubation, tubes were centrifuged at 300 ×g 

for 5 min at 4 °C and following aspiration of the supernatant, 1 ml of PBS was added. Total cell number in 

BM (cells/ml) was counted in a cell counting chamber (Biosigma S.r.l., Venice, Italy) following 

manufacturer´s guidelines and 250000 cells were used for cytospin preparations which were obtained by 

centrifugation of the slides at 1500 rpm for 5 min.  

On the other hand, lungs from BLM- or HDM-challenged CreERT2 and Igf1rfl/fl mice were lavaged 

twice with 0.8 ml cold 1X PBS (Thermo Fisher Scientific) to obtain approximately 1 ml of BALF. Then, 

BALF was centrifuged at 13000 rpm for 5 min at 4 °C and the supernatant was stored at -80 °C to 

subsequently assess total protein concentration in BALF using the Pierce BCA Protein Assay Kit (Thermo 

Fisher Scientific). Hereafter, the pellet was resuspended in 500 μl of ACK lysing buffer (Thermo Fisher 

Scientific) and after 10 minutes of incubation, tubes were centrifuged at 13000 rpm for 5 min at 4 °C, the 

supernatant was discarded and 1 ml of PBS was added to the pellet. Cytospin preparations were obtained 

by centrifugation of slides at 1500 rpm for 5 min. Total cell number in BALF (cells/ml) was counted in a 

cell counting chamber (Biosigma S.r.l., Venice, Italy) following manufacturer´s guidelines and 50000 cells 

were used for cytospin preparations which were obtained by centrifugation of the slides at 1500 rpm for 5 

min.  

Organs (including left lungs) were harvested, formalin-fixed, embedded in paraffin and cut into 3 

μm sections for histopathological evaluation or immunohistochemistry. Right lung lobes were separated 

and snap-frozen in liquid nitrogen for quantitative real-time PCR (qRT-PCR), RNAseq, Western Blot (WB) 

and ELISA analyses. The rest of organs were snap-frozen in liquid nitrogen for qRT-PCR analysis. 

3.8 Histopathological analyses and immunostaining  
3.8.1 Hematoxylin and eosin (H&E) staining  

H&E staining was performed for the quantification of hepatocyte number, diameter of seminiferous 

tubules and bronchiolar epithelium thickness in unchallenged CreERT2 and Igf1rfl/fl mice; for the 

determination of neutrophil infiltration grade into the lung and quantification of inflamed lung areas in 

BLM-challenged CreERT2 and Igf1rfl/fl mice and for the quantification of inflamed lung areas and airway 

thickness in HDM-exposed inbred C57BL/6, CreERT2 and Igf1rfl/fl mice. Quantification of both the 

hepatocyte number and diameter of seminiferous tubules was performed in at least 5 fields per section 
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per animal. Determination of neutrophil infiltration grade was assessed in lung perivascular areas and 

expressed as the number of neutrophils to total cell infiltrates, evaluating 5 different fields per animal. 

Quantification of inflammation was expressed as the percentage of inflamed lung area to total section 

surface, defining “inflamed lung areas” as darker stained foci, where inflammatory cells accumulate 

massively. Airway thickness was assessed by means of three different measurements per airway. 

Diameter of seminiferous tubules was measured using the Fiji open-source image processing software 

package v1.48r (https://fiji.sc). Fiji was also used to delimitate inflamed lung areas, but also to quantify 

airway thickness and epithelium length.  

Paraffin-embedded tissue sections were dewaxed at 60 °C for 30 min, incubated in xylene for 14 

min, transferred sequentially into 100% EtOH, 96% EtOH, 70% EtOH and deionized water for 4 minutes. 

Sections were then stained with Harris hematoxylin (Panreac, Barcelona, Spain) for 1-2 min. After washing with 

abundant tap water, differentiation was performed by submerging the sections in 1% acid alcohol (1% HCl in 

70% EtOH) for 3 secs. Sections were washed again with tap water for 2 min and stained with an alcoholic 

solution of eosin (Panreac) for 1 min. Finally, after a last wash, sections were dehydrated sequentially in 96% 

EtOH and 100% EtOH for 1 min, incubated in xylene for 5 min, mounted with Eukitt mounting medium (O. 

Kindler GmbH & Co, Freiburg, Germany) and photo-documented under a light microscope (Nikon 

Instruments, Inc, Tokyo, Japan).  

3.8.2 Periodic acid-Schiff (PAS) and Masson´s trichrome staining  

Periodic acid-Schiff (PAS) and Masson’s trichrome staining protocols served to assess the airway 

epithelial goblet cell abundance and collagen deposition in the murine models of experimental asthma. 

Quantification of PAS-positive cells was expressed as the number of positive cells per epithelium length 

(mm). Both the goblet cell abundance and collagen deposition were performed evaluating a minimum of 4 

airways per animal. Fiji open-source image processing software package v1.48r was used to quantify the 

percentage of collagen area as well as for epithelium length measurements. 

Paraffin-embedded lung sections were dewaxed at 60 °C for 30 min, incubated in xylene for 14 min, 

transferred sequentially into 100% EtOH, 96% EtOH, 70% EtOH and deionized water for 4 minutes. 

Sections were then placed in a humidity chamber prior to start with Periodic acid-Schiff (PAS) and 

Masson´s trichrome staining protocols.  

Periodic acid-Schiff (PAS): Lung sections were incubated in alcian blue (pH 2.5) for 20 min, 

washed with distilled water, incubated in 0.5% periodic acid for 5 min and washed again with distilled 

water. Then, sections were stained with Schiff reactive for 20 min, washed with distilled water and stained 

with Harris hematoxylin (Panreac). After a last wash with tap water, sections were dehydrated sequentially in 

96% EtOH and 100% EtOH for 1 min, incubated in xylene for 5 min, mounted with Eukitt mounting 

medium (O. Kindler GmbH & Co) and photo-documented under a light microscope (Nikon Instruments, Inc).  

Masson´s trichrome staining: Masson´s trichrome staining was carried out using a masson 

trichrome kit with aniline blue (Bio-Optica, Milan, Italy) following the manufacturer’s instructions. Finally, 

after a last wash with tap water, sections were dehydrated, mounted and photo-documented in the same way 

as in the Periodic acid-Schiff protocol.  
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3.8.3 May-Grünwald/Giemsa staining 

May-Grünwald/Giemsa staining was carried out on BALF cytospin preparations obtained from 

BLM-challenged CreERT2 and Igf1rfl/fl mice and from the murine models of experimental asthma. In 

addition, May-Grünwald/Giemsa staining was also performed on BM cytospin preparations obtained from 

CreERT2 and Igf1rfl/fl mice after BLM treatment or acute HDM exposure.  

Following air-drying, BALF and BM cytospin preparations were stained with a solution composed 

by methanol (EMD Millipore, Billerica, MA) and May-Grünwald (Sigma-Aldrich) (1:5 dilution of methanol 

in May-Grünwald solution) for 10 min. Then, slides were washed three times with distilled water for 1 min 

and stained with a solution composed by Giemsa (Sigma-Aldrich) and distilled water (1:10 dilution of 

Giemsa in distilled water). Finally, after three washes in distilled water for 1 min, slides were allowed to 

air-dry and mounted with Eukitt mounting medium (O. Kindler GmbH & Co). Differential cell counts were 

performed counting a minimum of 300 cells per slide or 5 fields per slide in a blinded fashion in BALF and 

BM cytospins, respectively. Cells were distinguished into macrophages, lymphocytes, neutrophils, and 

eosinophils by standard morphology criteria and cytospin preparations were photo-documented under a 

light microscope (Nikon Instruments, Inc). Additionally, the average number of red blood cells per high-

power field was obtained by evaluating 5 different fields per slide on BALF cytospin preparations.  

3.8.4 TUNEL detection of apoptotic cells  

Hepatic and lung cells undergoing apoptosis were identified in unchallenged CreERT2 and Igf1rfl/fl 

mice using a TUNEL (TdT-mediated dUTP Nick-End Labeling) assay kit (DeadEnd Colorimetric System, 

Promega, Madison, WI) following the manufacturer’s instructions. At least 2 slides per animal were 

counted and density of cells per 105 μm2 (liver) or per cm2 (lung) was quantified using the Fiji open-source 

image processing software package v1.48r. Apoptotic nuclei stained dark brown were counted using a 

light microscope (Nikon Instruments, Inc). 

3.8.5 Immunohistochemical staining  

Streptavidin-biotinylated immunoperoxidase method was used for visualization of the Ki67 antigen 

in liver and lungs of unchallenged CreERT2 and Igf1rfl/fl lungs and in perivascular and alveolar areas of 

BLM-challenged CreERT2 and Igf1rfl/fl lungs. Streptavidin-biotinylated immunoperoxidase method was 

also used for visualization of CD3 antigen in perivascular areas of BLM-challenged CreERT2 and Igf1rfl/fl 

lungs to determine the lymphocyte infiltration grade. Both the proliferation indices and lymphocyte 

infiltration grade were expressed as the number of Ki67+ or CD3+ cells to total cell numbers, evaluating at 

least 5 fields per animal. 

Paraffin-embedded sections were dewaxed at 60 °C for 30 min, incubated in xylene for 14 min, 

transferred sequentially into 100% EtOH, 96% EtOH, 70% EtOH and deionized water for 4 minutes. 

Antigen retrieval for Ki67 was performed immersing the slides in a boiling solution of 1 mM EDTA (pH 

9.0) for 25 min, and followed by a 15 min cool down in the same buffer and for CD3, slides were immersed 

in a boiling solution of 10 mM Citrate (pH 6.0) for 25 minutes, and followed by a 15 min cool down in the 

same buffer. Then, sections were washed in 1X PBS for 10 minutes and twice in PBS-Triton (0.1%) and 

Glycine (10 mM) for 5 min. Endogenous peroxide was blocked by 0.2% H2O2 for 15 min, and sections were 
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washed three times with PBS-Triton (0.1%) for 5 min and blocked with 4% goat serum in PBS-Triton 

(0.1%) and BSA (2%) for 1 h at room temperature. Hereafter, slides were incubated at 4°C overnight with 

primary antibodies anti-Ki67 (Clone SP6, 1:200 Master Diagnostica SL, Granada, Spain) and CD3 (ab5690 

1:200, Abcam, Cambridge, UK) diluted in the appropriate blocking solution, and then washed three times 

with PBS-Triton (0.1%) for 5 min. Sections were treated with biotinylated goat anti-rabbit antibody (BA-

1000, 1:300, Vector Laboratories, Inc, Burlingame, CA) diluted in 1X PBS, washed three times with PBS-

Triton (0.1%) for 5 min and visualized with avidin-biotin-peroxidase complex (Vector Elite ABC kit; 

Vector Laboratories) and 3,3ʼ-diaminobenzidine substrate (Sigma-Aldrich). Finally, sections were stained 

with Harris haematoxylin (Panreac) for 1-2 min, washed with distilled water, differentiated in 1% acid alcohol 

(1% HCl in 70% EtOH) for 3 secs, dehydrated sequentially in 50% EtOH, 70% EtOH, 90% EtOH and 100% 

EtOH for 5 min, incubated in xylene for 5 min and mounted with Eukitt mounting medium (O. Kindler 

GmbH & Co). Sections were photo-documented under a light microscope (Nikon Instrumetns, Inc).  

3.8.6 Fluorescent immunostaining  

Expression of IGF1R was evaluated in kidneys, liver and testis of unchallenged CreERT2 and Igf1rfl/fl 

mice. In addition, assessment of macrophages and alveolar type 2 cell numbers and HIF1A relative 

fluorescence were evaluated in BLM-challenged CreERT2 and Igf1rfl/fl lungs. Quantification of macrophages 

and alveolar type 2 cells using F4/80 and SFTPC antibodies, respectively, was assessed in 5 different 

alveolar areas and expressed per unit area. Macrophage diameters were measured and volumes were 

extrapolated using the sphere volume formula. HIF1A expression was evaluated in 5 different alveolar 

fields using the Fiji open-source image processing software package v1.48r as previously described 

(McCloy et al., 2014). On the other hand, fluorescent immunostaining for GLUTUB, MUC5AC, SGB1A1 and 

α-SMA in chronically HDM-exposed CreERT2 and Igf1rfl/fl mice was evaluated in four airways per animal. 

Quantification of SCGB1A1, GLUTUB, and MUC5AC-positive cells was expressed as the number of positive 

cells per epithelium length (mm). Smooth muscle (α-SMA) thickness was assessed by means of three 

different measurements per airway using the using the Fiji open-source image processing software 

package v1.48r. 

Paraffin-embedded sections were dewaxed at 60 °C for 30 min, incubated in xylene for 14 min, 

transferred sequentially into 100% EtOH, 96% EtOH, 70% EtOH and deionized water for 4 minutes. Then, 

sections were subjected to an antigen retrieval procedure: antigen retrieval for α-SMA and IGF1R was 

performed immersing the slides in a boiling solution of 1 mM EDTA (pH 9.0) for 25 min, and followed by a 

15 min cool down in the same buffer; for F4/80 and SFTPC slides were immersed in 10 mM TE buffer with 

Proteinase K (Roche, Basel, Switzerland) (20 mg/ml) for 15 min at 37ºC and followed by a 15 min cool 

down and for GLUTUB, HIF1A, MUC5AC and SCGB1A1, slides were immersed in a boiling solution of 10 

mM Citrate (pH 6.0) for 25 minutes, and followed by a 15 min cool down in the same buffer. Then, sections 

were washed in 1X PBS for 10 minutes and twice in PBS-Triton (0.1%) and Glycine (10 mM) for 5 min and 

blocked with 10% normal goat serum (Jackson ImmunoResearch Laboratories, Inc., Baltimore, PA) (α-

SMA, IGF1R and MUC5AC) or with 10% normal donkey serum (Jackson ImmunoResearch Laboratories, 

Inc., Baltimore, PA) (F4/80, GLUTUB, HIF1A, SCGB1A1 and SFTPC) in PBS-Triton (0.1%) and Glycine (10 

mM) for 1 h at RT. Slides were then incubated at 4 °C overnight with primary antibodies diluted in the 
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appropriate blocking solution: anti-α-SMA (Clone 1A4 1:100 and 1:500, Sigma-Aldrich), anti-F4/80 (Clone 

MCA497GA 1:100, Bio-Rad, Langford, UK), anti-GLUTUB (Clone TU-20 1:300, EMD Millipore, Billerica, 

MA), HIF1A antibody (ab2185 1:100, Abcam), anti-IGF1Rb (C-20, sc-713 1:100, Santa Cruz Biotech Inc, 

Dallas, TX), MUC5AC (Clone 45M1 1:50, Thermo Fisher Scientific), anti-SCGB1A1 (Clone T18 1:400, Santa 

Cruz Biotech Inc) and anti-SFTPC (AB3786 1:1500, EMD Millipore, Billerica, MA).  After three washes in 

PBS-Triton (0.1%) and Glycine (10 mM) for 5 min, sections were incubated for 1 h with the following 

secondary antibodies diluted in 1X PBS: Alexa Fluor 488® chicken anti-rat (1:1000, Thermo Fisher 

Scientific) for F4/80; Alexa Fluor 546® donkey anti-rabbit (1:500, Thermo Fisher Scientific) for GLUTUB, 

HIF1A and SFTPC; Alexa Fluor 546® goat anti-rabbit (1:500, Thermo Fisher Scientific) for IGF1R; Alexa 

Fluor 633® donkey anti-goat (1:400, Thermo Fisher Scientific) for SCGB1A1 and MUC5AC and Alexa Fluor 

633® goat anti-mouse (1:500, Thermo Fisher Scientific) for α-SMA. Finally sections were washed three 

times with 1X PBS for 5 min and mounted with ProLong Gold Antifade Reagent with DAPI (Life 

technologies) to be examined under a confocal microscope (Leica Microsystems, Wetzlar, Germany).  

3.9 RNA isolation, reverse transcription and qRT-PCR 
Mechanical disruption of tissues from unchallenged CreERT2 and Igf1rfl/fl mice and BLM- or HDM-

challenged CreERT2 and Igf1rfl/fl mice was performed using a tissue homogenizer T8 Ultra Turrax (IKA 

Works Inc, Staufen, Germany).  

3.9.1 Unchallenged CreERT2 and Igf1rfl/fl mice 

Kidneys, heart, liver, testes and cochlea were homogenized in a Tissue Lyser (Qiagen, Hilden, 

Germany). Total RNA was subsequently isolated using RNeasy Plus Mini Kit in a QIACube (Qiagen) 

according to the manufacturer’s instructions. Total RNA obtained from spleen and lung was isolated using 

TRIzol Reagent (Invitrogen, Carlsbad, CA), treated with 2.72 KU/μl RNase-free DNase (Qiagen) and 

purified through RNeasy columns (Qiagen) following the manufacturer’s instructions. The quantity and 

quality of total RNA were assessed on a NanoDrop Spectrophotometer (Thermo Fisher Scientific), 

respectively. Total RNA obtained from individual mice was reverse-transcribed to cDNA using the High-

Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) and qRT-PCR was 

conducted on Applied Biosystems 7900HT. The expression level of Igf1r TaqMan® probe 

(Mm00802831_m1; Applied Biosystems) was studied in the different tissues and two housekeeping genes 

were used as endogenous controls to normalize results: mouse ribosomal phospho-protein P0 (Rplp0) and 

18S ribosomal RNA (Rn18s). Igf1r quantitative real-time PCR of D56 lung samples was carried out with 

SYBR Green Technology (Power SYBR® in a 7300 Real Time PCR System, Applied Biosystems, Carlsbad, 

CA) using the following pair of primers: 5ʼ-CCAGAGCAAAGGGGACATAA-3ʼ and 5ʼ-

TGATTCGGTTCTTCCAGGTC-3ʼ. 

3.9.2 BLM- or HDM-challenged CreERT2 and Igf1rfl/fl mice 

Total RNA obtained from inferior lung lobes was isolated using TRIzol Reagent (Invitrogen), treated 

with 2.72 KU/μl RNase-free DNase (Qiagen) and purified through RNeasy columns (Qiagen) following the 

manufacturer’s instructions. The quantity and quality of total RNA was assessed on a NanoDrop 
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Spectophotometer (Thermo Fisher Scientific). cDNA was generated using SuperScript II First-Strand 

Synthesis System (Invitrogen) according to manufacturer guidelines.  

Table 1. Primer sets used for qRT-PCR. 

Gene Accession No. Forward primer (5´-3´) Reverse primer (5´-3´) 
Acta2 NM_007392.3 AATGGCTCTGGGCTCTGTAA CTCTTGCTCTGGGCTTCATC 

Adgre1 NM_010130.4 ATACCCTCCAGCACATCCAG CTCCCATCCTCCACATCAGT 

Aqp5 NM_009701 GGTGGTCATGAATCGGTTCAGC GTCCTCCTCTGGCTCATATGTG 

Ccl2 NM_011333.3 CACCAGCCAACTCTCACTGA CGTTAACTGCATCTGGCTGA 

Ccl5 NM_013653.3 CCAACCCAGAGAAGAAGTGG AGCAAGCAATGACAGGGAAG 

Ccl11 NM_011330.3 GAGAGCCTACAGAGCCCAGA ACCGTGAGCAGCAGGAATAG 

Cd4 NM_013488.2 ATGTGGAAGGCAGAGAAGGA TGGGGTATCTTGAGGGTGAG 

Cd209a NM_133238.5 GAGATGACGGCTGGAATGAC AGATGGTGGAGGGAGTTGG 

Col1a1 NM_007742.4 CGGAGAAGAAGGAAAACGAG CAGGGAAACCACGGCTAC 

Csf1 NM_007778.4 CGAGTCAACAGAGCAACCAA TGCTTCCTGGGTCAAAAATC 

Cxcl1 NM_008176.3 ATCCAGAGCTTGAAGGTGTTG GTCTGTCTTCTTTCTCCGTTACTT 

Foxm1 NM_008021.4 CCTGCTTACTGCCCTTTCCT CACACCCATCTCCCTACACC 

Foxo1 NM_019739.3 TTCTCTCGTCCCCAACATCT TGCTGTCCTGAAGTGTCTGC 

Gpx8 NM_027127.2 ACATTCCCCATCTTCCACAA ATTCCACCTTGGCTCCTTCT 

Hif1a NM_010431.2 TTGGAACTGGTGGAAAAACTG ACTTGGAGGGCTTGGAGAAT 

Igfbp3 NM_008343.2 GCCCTCTGCCTTCTTGATTT TCACTCGGTTATGGGTTTCC 

Igfbp5 NM_010518.2 GATGAGACAGGAATCCGAACAAG AATCCT TTGCGGTCACAGTTG 

Igf1 NM_010512 CAGAAGCGATGGGGAAAAT GTGAAGGTGAGCAAGCAGAG 

Igf1r NM_010513 ATGGCTTCGTTATCCACGAC AATGGCGGATCTTCACGTAG 

Il1b NM_008361.3 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

Il4 NM_021283.2 CCTCACAGCAACGAAGAACA CGAAAAGCCCGAAAGAGTC 

Il5 NM_010558.1 GAAGTGCTGGAGATGGAACC GGATGAGGGGGAGGGAGTAT 

Il6 NM_031168.1 ACGGCCTTCCCTACTTCACA CATTTCCACGATTTCCCAGA 

Il10 NM_010548.2 GCACTACCAAAGCCACAAGG TAAGAGCAGGCAGCATAGCA 

Il13 NM_008355.3 GCCTCCCCGATACCAAAAT CTTCCTCCTCAACCCTCCTC 

Il25 NM_080729.3 AAGCCCTCCAAAGCCCTAC TCTCCCCAAGTCCTCCATC 

Il33 NM_133775.2 GCCTTGCTCTTTCCTTTTCTC TCGGTTGTTTTCTTGTTTTGC 

Insr NM_010568.2 TCCTGAAGGAGCTGGAGGAGT CTTTCGGGATGGCCTGG 

Ly6g NM_001310438.1 CCTGGTTTCAGTCCTTCTGC CACACACTACCCCCAACTCA 

Marco NM_010766.2 TCCCTGTGATGGAGACCTTC GTGAGCAGGATCAGGTGGAT 

Muc5ac NM_010844.1 CACACACAACCACTCAACCA TCTCTCTCCGCTCCTCTCAA 

Ptgs2 NM_011198.4 GGAGGCGAAGTGGGTTTTA TGATGGTGGCTGTTTTGGTA 

Rn18s NR_003278.3 ATGCTCTTAGCTGAGTGTCCCG ATTCCTAGCTGCGGTATCCAGG 

Scgb1a1 NM_011681 ATGAAGATCGCCATCACAATCAC GGATGCCACATAACCAGACTCT 

Sftpa1 NM_023134.4 CCATCGCAAGCATTACAAAG CACAGAAGCCCCATCCAG 

Sftpb NM_147779.2 CTGCTGCTTCCTACCCTCTG ATCCTCACACTCTTGGCACA 

Sftpc NM_011359 GAAGATGGCTCCAGAGAGCATC GGACTCGGAACCAGTATCATGC 

Sftpd NM_009160.2 TGAGAATGCTGCCATACAGC GAATAGACCAGGGGCTCTCC 

Tnf NM_013693.3 GCCTCTTCTCATTCCTGCTTG CTGATGAGAGGGAGGCCATT 

Spdef NM_013891.4 GGCCAGCCATGAACTATGAT GGTAGACAAGGCGCTGAGAG 

Tslp NM_021367.2 AAATGGGAAATGAGCAATAGAC GCAGGGGAGGTGAGAAAGAC 
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Then, cDNA samples were amplified by qRT-PCR in triplicate reactions for each primer pair assayed 

(Table 1) on a 7300 Real-Time PCR Instrument (Applied Biosystems, Foster City, CA), using SYBR green 

master mix (Applied Biosystems) (HDM-challenged CreERT2 and Igf1rfl/fl lungs) and SYBR Premix Ex Taq 

(Takara Bio Inc., Kusatsu, Japan) (BLM-challenged CreERT2 and Igf1rfl/fl lungs). Results were normalized 

using 18S rRNA gene as endogenous control. The qRT-PCR conditions were as follows: 95 °C for 10 min; 

40 cycles of 95 °C for 15 s, 60 °C for 1 min, 72 °C for 30 s and 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s, 

60 °C for 15 s (SYBR green master mix) (BLM-challenged lungs); and 95 °C for 2 min; 40 cycles of 95 °C for 

30 s, 60 °C for 30 s and 95 °C for 15 s, 60 °C for 1 min, 95 °C for 15 s, 60 °C for  15 s (Premix Ex Taq) (HDM-

challenged lungs). 

3.10 Lung transcriptome analysis 
RNAseq analysis was performed on eight-week-old unchallenged CreERT2 and Igf1rfl/fl lungs (n = 3 

per genotype). Approximately, 1 μg of total RNA from each sample was submitted to the CIBIR Genomics 

Core Facility for sequencing. Briefly, after verifying RNA quality in an Experion Bioanalyzer (Bio-Rad 

Laboratories, Hercules, CA), TruSeq total RNA libraries were generated according to the manufacturer’s 

instructions (Illumina Inc, San Diego, CA). The libraries were sequenced in a Genome Analyzer IIx 

(Illumina Inc) to generate 150 single-end reads. Mus musculus GRCm38.71 (FASTA) from the Ensemble 

database was used as the reference genome. After removing adapter sequences with the Cutadapt 

software (Martin 2011), mapping to the reference genome was performed with TopHat2 (version 2.5) 

(Trapnell et al., 2012). Gene expression quantification, normalization, and statistical analyses were 

performed with SeqSolve (Integromics, Granada, Spain). Expression data were normalized by calculating 

the fragments per kilobase of exon per million fragments mapped (FPKM) reads for each gene. Igf1r-

transcriptionally regulated genes involved in biological processes were classified according to GO and 

Keyword annotations. Additionally, a PubMed search, and the Genecards and OMIM tools were used to 

help assign biological functions. 

3.11 Western blot analysis 
Superior lung lobes from BLM-exposed and chronically HDM-exposed CreERT2 and Igf1rfl/fl mice 

were solubilized in a 10 mM Tris/HCl (pH 7.4) buffer containing 0.1% sodium dodecyl sulfate, a protease 

inhibitor mixture, and DNase (Promega) using a tissue homogenizer T8 Ultra Turrax (IKA Works Inc). 

Total protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher 

Scientific) following manufacturer´s instructions in a POLARstar Omega (Biogen Idec, Cambridge, MA). 

Samples were separated in NuPAGE Novex 4–12% Bis-Tris Gel (Invitrogen) and transferred to a 

polyvinylidene difluoride membrane (EMD Millipore, Burlington, MA). Membranes were incubated with 

primary antibodies for IGF1R (#3027 Cell Signalling Inc., Danvers, MA) and beta-Actin (ab6276 Abcam, 

Cambridge, UK) at 1:1000 and 1:30000 dilutions respectively, and then incubated with horseradish 

peroxidase-conjugated anti-rabbit or anti-mouse antibodies (DAKO, Agilent technologies, Santa Clara, CA) 

for IGF1R and beta-Actin respectively, at a 3:10 dilution. Signals were detected using ECL Western Blot 

Substrate (Thermo Fisher Scientific) and Hyperfilm ECL (GE Healthcare, Little Chalfont, UK). Films were 
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scanned and signals in the linear range were quantified using the Fiji open-source image processing 

software package v1.48r and normalized to beta-Actin levels.  

3.12 ELISAS 

Lung tissues were homogenized in a solution composed by a protease inhibitor cocktail containing 

PMSF 1 mM, aprotinin 1μg/ml, leupeptin 1μg/ml and pepstatin 1μg/ml (Roche) and a tissue protein 

extraction reagent (20 ml/g tissue) (Thermo Fisher Scientific), using a tissue homogenizer T8 Ultra Turrax 

(IKA Works Inc). Lung homogenates were incubated in ice for 30 min and then centrifuged at 14000 xg for 

10 min. Supernatants were then collected and stored at −80°C for assessment of cytokine levels. Total 

protein concentration was determined using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific) 

following manufacturer´s instructions in a POLARstar Omega (Biogen). 

TNF and IL13 levels were determined in homogenized lung lysates from CreERT2 and Igf1rfl/fl BLM-

exposed mice using left lungs with the help of mouse TNF-alpha Quantikine and IL-13 Duoset ELISA Kits 

(R&D Systems, Minneapolis, MN). After chronic exposure to HDM, serum total IgE levels were assessed in 

CreERT2 and Igf1rfl/fl mice with an IgE mouse ELISA kit (Abcam), and Il13 levels were determined in 

homogenized lung lysates from middle lung lobes with a mouse IL-13 Duoset ELISA Kit (R&D Systems). In 

addition, Il10, Il13, IL33 and CCL11 levels were assessed using mouse IL13 Duoset and IL10, IL33 and 

CCL11 Quantikine ELISA Kits (R&D systems) in serum and tissue homogenate supernatants from middle 

lung lobes in inbred C57BL7/6 mice after acute HDM exposure, and after the prophylactic and therapeutic 

induction of Igf1r deficiency in HDM exposed mice. In addition, serum total IgE levels were also assessed 

using an IgE mouse ELISA kit (Abcam). ELISAS were performed according to manufacturer´s guidelines 

and determination of optical density of each well was performed at 450 nm in a POLARstar Omega 

(Biogen). 

3.13 Statistical analysis  
Statistical analyses were performed using SPSS Statistics Software v21 for Windows (IBM, Armonk, 

NY). Differences between experimental groups were evaluated for significance using the non-parametric 

Mann-Whitney U test or the Dunn-Sidak test for multiple comparisons. Results are shown as mean values 

± standard error of the mean (SEM). For all analyses, a p value < 0.05 was considered statistically 

significant.  
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4   RESULTS 
4.1 Differential organ phenotypes after postnatal Igf1r gene 

conditional deletion induced by tamoxifen in UBC-CreERT2; Igf1rfl/fl 

double transgenic mice (Paper I) 

4.1.1 Generation and genotyping of UBC-CreERT2; Igf1rfl/fl double transgenic mice 

To determine the effect of IGF1R loss on adult mice, while avoiding the neonatal lethality shown in 

Igf1r-/- mice, UBC-CreERT2; Igf1rfl/fl double transgenic mice were generated, which were used to induce 

postnatal Igf1r gene deletion after TMX administration. These mice were generated in two generations by 

mating UBC-CreERT2 transgenics (Ruzankina et al., 2007), with Igf1rfl/fl mutants (Kloting et al., 2008) 

(Figure 13). UBC-CreERT2 mice express a CreERT2 fusion protein composed of Cre recombinase and a 

mutant form of the estrogen receptor with a G400V/M543A/L544A triple mutation, which is selectively 

activated only in the presence of TMX, but not estrogen (Feil et al., 1997) (Figure 15a-b). Igf1rfl/fl mice 

contain loxP sites flanking exon 3 of the Igf1r gene (Kloting et al., 2008). UBC-CreERT2; Igf1rfl/fl double 

mutant mice were apparently normal and fertile, and even occasionally used to generate both groups of 

experimental animals when mated with Igf1rfl/fl mice, but only for a unique additional generation. The 

expected size of PCR products obtained from different alleles, using specific primers for each locus and 

designed as depicted in Figure 15a–b, is shown in Figure 15c. Genotyping of extracted tail DNA from the 

progeny revealed a band of 255 bp exclusively in animals bearing the UBC-CreERT2 recombinase gene 

(Figure 19a). PCR products for the Igf1r locus when using F1/R1 primers resulted in bands at 380 and 

300 bp for heterozygous floxed animals (Igf1rfl/+) or a single band at 380 bp for Igf1rfl/fl homozygous mice 

(Figure 19b). CreERT2 recombinase expression induced after TMX administration in UBC-CreERT2; 

Igf1rfl/fl mice was expected to result in excision of the floxed exon of the Igf1r to generate an Igf1r deleted 

allele (Figure 13 and Figure 15b), which results in a complete Igf1r gene knockout (Kloting et al., 2008). 

The expected size of PCR products when using F3/R1 primers was 491 bp for the Igf1rΔ allele and 1,300 

bp for the Igf1rfl form (Figure 15c). 

 

Figure 19. PCR assays for UBC-CreERT2 using F/R primers and IL2 primers (a) and to genotype Igf1r floxed mice 

using F1/R1 primers (b) in mouse tail DNA.  

4.1.2 Prepuberal TMX treatment of UBC-CreERT2; Igf1rfl/fl mice causes somatic growth retardation 

with differential effects on organ weights 

To generate and analyze Igf1r conditional mutants, Igf1rfl/fl (controls) and the newly generated UBC-

CreERT2; Igf1rfl/fl double mutant mice were treated for 5 days with intra-peritoneal injections of TMX at 4 

weeks of age (D0) and weighed weekly until they were 12 weeks old (D56) (Figure 14). To prevent sex 

a b 
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effects due to endogenous estrogen present in females, all data presented in this report refer to male TMX-

treated mice. Growth curves for each genotype of TMX-treated males were represented as animal body 

weight gain from D0 to D56 in order to avoid initial weight differences at D0 (Figure 20). UBC-CreERT2; 

Igf1rΔ/Δ (CreERT2) mice readily showed a significant growth deficiency at D7. Igf1r conditional mutants 

continue to grow at a slower pace than Igf1rfl/fl controls until D35, with their maximal weight gain at D27 

(3.22 g mean difference). Interestingly, this effect gradually decreased after this time point, and did not 

become significant between D42 and the final check at D56 (Figure 20).  

 

Figure 20. Postnatal growth curves of Igf1rfl/fl and CreERT2 males after TMX treatment. Curves represent the weekly 

mean of body weight gains of males from each genotype. Body weight gains for each animal were obtained by 

deducting the weight at a specific time point from its weight at D0. Values are mean ± SEM. n = 23 from D0 to D27 and 

n = 16 from D35 to D56, in Igf1rfl/fl mice. n = 20 from D0 to D27 and n = 13 from D35 to D56, in CreERT2 mice. TMX, 

tamoxifen. ***p<0.001; NS, not significant. 

Since maximum somatic growth retardation in CreERT2 males was observed four weeks later, at 

D27, seven of these mice from each genotype were sacrificed at this stage for further analyses. As 

expected, these CreERT2 males also showed significant differences in diminished total body weight and 

body weight gain with respect to Igf1rfl/fl controls (88 and 70%, respectively) (Table 2). In order to 

determine how different organs were contributing to the body growth deficit in TMX-treated UBC-

CreERT2; Igf1rfl/fl mice, the mean weight of kidney, spleen, heart, brain, liver, lung and testis was 

determined in Igf1rfl/fl and CreERT2 males (Table 2). Surprisingly, only the weight of the brain, and more 

prominently, the testes, were significantly lower in CreERT2 than in Igf1rfl/fl mice (86 and 47% of controls, 

respectively). When corrected and expressed as organ to body weight ratios, kidney, liver, lung and brain 

showed no differences, whereas these ratios were significantly increased in spleen and heart, and strongly 

decreased in testes (Table 2). Altogether these results demonstrate that TMX treatment of prepuberal 

UBC-CreERT2; Igf1rfl/fl mice causes somatic growth retardation with differential effects on organ weights, 

particularly reducing testis size. 
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Table 2. Body and organ weight, and ratio of organ to body weight in Igf1rfl/fl and CreERT2 male mice 

sacrificed at D27 after TMX treatment in 8 week-old mice. 

 Igf1rfl/fl CreERT2 Ratioc 

Body weight (g) 21.86 ± 0,6 19.21 ± 1,10 * 0.88 

Body weight gain (g) a  10.55 ± 0,4 7.35 ± 0,54 ** 0.70 

Kidney (mg) 237.83 ± 7,97 208.60 ± 10,18 0.88 

Spleen (mg) 94.44 ± 6,93 103.71 ± 7,78 1.10 

Heart (mg) 110.10 ± 3,67 104.20 ± 4,26 0.95 

Brain (mg) 444.01 ± 4,91 382.23 ± 26,27 * 0.86 

Liver (mg) 1200.59 ± 60,25 1116.50 ± 95,55 0.93 

Lung (mg) b  166.79 ± 8,61 149.99 ± 7 0.90 

Testis (mg) 129.63 ± 12,46 60.86 ± 9,87 ** 0.47 

Kidney / BW (%) 1.09 ± 0,02 1.10 ± 0,07   - 

Spleen / BW (%) 0.43 ± 0,03 0.54 ± 0,02 *   - 

Heart / BW (%) 0.50 ± 0,01 0.55 ± 0,02 *   - 

Brain / BW (%) 2.04 ± 0,06 1.98 ± 0,05   - 

Liver / BW (%) 5.51 ± 0,3 5.77 ± 0,29   - 

Lung / BW (%) b 0.76 ± 0,03 0.78 ± 0,02   - 

Testis / BW (%) 0.59 ± 0,04 0.31 ± 0,03 **   - 
                     Values are mean ± SEM (n = 7) 

                     BW, Body weight 

                     *p<0.05; **p<0.01. Mann–Whitney U test (two tailed) 

                     a Mouse weight gain between D0 and D27 of TMX treatment 

                     b Lung weight includes trachea 

                     c Ratio is expressed as CreERT2 to Igf1rfl/fl values 

4.1.3 TMX treatment of UBC-CreERT2; Igf1rfl/fl induces mice to efficiently delete Igf1r floxed sequences 

and significantly reduce IGF1R expression in different organs 

Genomic DNA obtained on D27 from a variety of tissues from Igf1rfl/fl and CreERT2 mice, either 

treated with TMX or the control vehicle (corn oil), was analyzed by PCR using specific primers to 

determine the extension of recombination in exon 3 floxed sequences of the Igf1r locus to render a deleted 

allele (Igf1rΔ) (Figure 15b), and therefore a non-functional Igf1r gene (Kloting et al., 2008). DNA from all 

organs analyzed, including kidney, spleen, liver, lung, testis and cochlea obtained in vehicle-treated UBC-

CreERT2; Igf1rfl/fl or TMX-treated Igf1rfl/fl mice only rendered the presence of the floxed undeleted PCR 

fragment of 1300 bp (Figure 21a). As expected, PCR analysis of DNA obtained from all tissues of TMX-

treated UBC-CreERT2; Igf1rfl/fl animals resulted in a prominent band of 491 bp (Figure 21a). However, the 

presence of variable residual amounts of the 1300 bp PCR product in these mice indicated that the floxed 

allele remained unrecombined in a variable and undetermined small percentage of cells in all tissues. 

Although the PCR assay cannot be considered quantitative, it is interesting to note that the ratio of the 
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undeleted band varies among different organs and between individuals when analyzing the same organ. 

Thus, the UBC-CreERT2 mouse line provides a system to conditionally activate Cre recombinase in a wide 

range of tissues upon TMX treatment, and therefore to mediate deletion of floxed sequences in the Igf1r 

locus. However, since the floxed allele remained undeleted in some cells of all organs, this system allowed 

production of mice that are mosaic for Igf1rfl recombination. To quantify the extent to which the Igf1r 

deletion affected Igf1r transcription levels, qRT-PCR in RNA obtained from organs of TMX-treated mice 

was performed at D27. A significant reduction was found in all conditional mutant tissues examined when 

compared to controls, with maximal depletion of Igf1r mRNA levels in kidney (19% of controls), followed 

by liver and lung (38%), cochlea (40%), heart (48%) and testis (50%); the spleen was the least affected 

(63%) (Figure 21b). To some extent these data correlate with the PCR test, where the faintest intensity of 

the 1300 bp undeleted floxed bands correspond to kidney, liver and lung, and the darkest one to spleen 

(Figure 21a). Although IGF1R expression levels were not followed up at later developmental stages in 

other tissues, an additional qRT-PCR analysis performed on lungs obtained from mice at D56, 8 weeks 

after TMX treatment, revealed that mRNA reduced expression was maintained significantly lower in 

CreERT2 mice as compared to controls (45%) (0.71 ± 0.009 vs. 1.58 ± 0.21, respectively; **p = 0.006, two 

tailed Mann–Whitney U test). IGF1R immuno-staining in tissues obtained from TMX-treated mice at D27, 

allowed visualization of IGF1R protein expression at the cellular level. Results obtained in tissue sections 

of kidney cortex, liver and testis are shown in Figure 21c–e. IGF1R was found ubiquitously expressed in 

control tissues, with a uniform pattern in liver parenchyma and variable levels of intensity in kidney 

cortex and testis. Thus, whilst kidney glomeruli showed weak staining, IGF1R staining intensity in cells of 

conducting tubules was heterogeneous. In a similar way, in testis, a positive stain was found in both germ 

cells and somatic Leydig cells although with uneven levels in both cell types (Figure 21c–e, top panel). In 

CreERT2 mutants, IGF1R staining is absent in most cells, almost undetected in liver parenchyma, but with 

some residual cells immuno-stained for IGF1R in conducting tubules of kidney cortex and in both germ 

cells and Leidyg cells in testis (Figure 21c–e, bottom panels). All together qRT-PCR and immuno-staining 

results on IGF1R expression demonstrate that TMX efficiently mediates Igf1r deletion in organs of 

CreERT2 mice, but this occurs in mosaic form. Moreover, these results show that recombination efficiency 

varies among animals and tissues, and even among different cell types in the same tissue. 
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Figure 21. TMX treatment causes Igf1r exon 3 deletion and reduces levels of IGF1R mRNA and protein in organs of 

D27 CreERT2 mutant mice. (a) PCR assays to determine the presence of the deleted allele (Δ) using F3/R1 primers on 

genomic DNA obtained from different organs of Igf1rfl/fl (+/+) and UBC-CreERT2; Igf1rfl/fl (Cre/+) male (M) and female 

(F) mice, either treated with vehicle (oil) or TMX. The 491 bp fragment of the deleted form (Δ) is clearly predominant 

in Cre/+ TMX-treated animals in detriment to the 1300 bp floxed (fl) allele. Note the presence of undeleted Igf1r allele 

(fl) in organs of TMX-treated UBC-CreERT2; Igf1rfl/fl mice, indicating a mosaic inactivation. (b) Igf1r mRNA expression 

levels analyzed by qRT-PCR in different organs of Igf1rfl/fl and CreERT2 male mice. Numbers in bars indicate mice 

analyzed and percentages show the proportion of Igf1r mRNA in mutants with respect to controls. *p<0.05; **p<0.01. 

(c–e) Immuno-staining for IGF1R (green labeling; green arrows) and SMA (smooth muscle actin; red labeling) 

counterstained in blue with DAPI in kidney cortex (c), liver (d) and testis (e) of Igf1rfl/fl (upper panels) and UBC-

CreERT2; Igf1rfl/fl (lower panels) TMX-treated male mice. Note the presence of remaining IGF1R staining in kidney 

collecting tubules, and in testis germ cells and Leydig cells (green arrowheads) of UBC-CreERT2; Igf1rfl/fl TMX-treated 

mice. g, Glomerulus; ct, collecting tubules; cv, central vein; hp, hepatic parenchyme; st, seminiferous tubules; lc, Leydig 

cells; TMX, tamoxifen. Scale bars 50 μm.  
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4.1.4 Conditional deletion of Igf1r has a tissue-dependent phenotypic impact on different organs 

Phenotypic consequences of Igf1r deletion in kidney, spleen, cochlea, liver, lung and testis were 

analyzed by histological analysis. H&E staining of kidney and spleen sections did not reveal gross 

histological alterations (Figure 22a-b).  

 

Figure 22. Histological analysis in organs of TMX-treated UBC-CreERT2; Igf1rfl/fl mutant male mice at D27. (a–c) and 

(e–g) Representative H&E staining of kidney cortex, spleen, liver, lung bronchiole, lung alveoli and testis sections 

obtained from Igf1rfl/fl (upper panels) and UBC-CreERT2; Igf1rfl/fl (lower panels) of TMX-treated male mice. Note the 

following alterations in CreERT2 organs: (i) presence of mitotic figures in the liver (arrowhead in c, lower panel), (ii) 

presence of flat cells (arrowheads in e, lower panel), and reduction of protruding cells (arrows in e) and bronchiolar 

epithelium thickening in lung bronchioles (red segments in e), (iii) presence of cell cumuli in the alveolar parenchyma 

(arrowheads in f, lower panel), and (iv) reduction in seminiferous tubule diameter (red double arrows in g) and germ 

cells (arrowhead in g, lower panel) in testes. g Glomerulus, ct collecting tubules, rp red pulp, wp white pulp, h hepatic 

parenchyma, tb terminal bronchiole, al alveolar area, st seminiferous tubules. Scale bars 100 μm in a, b and g; 20 μm 

in c and e; 50 μm in f. (d) Graphical representation of liver cells density. (h) Representation of seminiferous tubules 

diameter in testes of both genotypes. In parentheses, number of mice evaluated. Values in graphs shown mean ± SEM. 

***p<0.001; NS, not significant. 
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Analysis of liver, lung and testis from TMX-treated UBC-CreERT2; Igf1rfl/fl animals showed readily 

distinguishable pathologies (Figure 22c, e-g). Histology of liver parenchyma of conditional mutants 

unveiled a heterochromatic cell staining pattern and an abundance of mitotic figures, in clear contrast to 

the normal homogeneous staining and sporadic mitosis seen in Igf1rfl/fl (Figure 22c). Despite this 

presumptive higher proliferation, liver cellular density was unaffected (Figure 22d). Alterations in the 

lung were found in two different cell compartments: (1) the airway epithelium of terminal bronchioles 

and, (2) the alveolar parenchyma. When compared to controls, the distal bronchiolar epithelium in Igf1r 

conditional mutants was clearly flatter, showing frequent interruptions of its normal columnar 

organization, and reductions in: cell height, proportion of cells with apical region extruding into the 

bronchiolar lumen, and nuclear density (Figure 22e). All of these morphological alterations were less 

evident in the epithelium of proximal airways. However, the alveolar parenchyma in conditional mutant 

mice showed higher cellular density than controls, with frequent presence of cells in groups (Figure 22f). 

In contrast to Igf1rfl/fl control mice, the seminiferous tubules of TMX-treated UBC-CreERT2; Igf1rfl/fl testes 

showed reduced diameters and were severely depleted of germ cells (Figure 22g). A graphical 

representation of measurements of the seminiferous tubule diameters in both genotypes is shown in 

Figure 22h. The lack of germ cells in seminiferous tubules of mutant mice affected all different cell types, 

including spermatogonia, spermatocytes, and spermatids (Figure 22g, bottom panel). In contrast, the 

testicular peritubular capsule and Leydig cells were apparently normal (Figures 21e and 22g, bottom 

panels). Diminished spermatogenesis and lack of germ cell content in the seminiferous tubules would 

explain the reduced size of testes in TMX-treated UBC-CreERT2; Igf1rfl/fl mice (Table 2). 

4.1.5 Increased proliferation and normal apoptotic levels in liver and pulmonary alveolar 

parenchyma of CreERT2 

In an attempt to explain the liver and lung alterations, cell proliferation and death rates were 

determined in mice with both genotypes. Proliferation analyses by Ki67 immuno-staining in sections of 

these tissues are shown in Figure 23. The proliferation rate in livers of TMX-treated UBC-CreERT2; 

Igf1rfl/fl mice doubled that of Igf1rfl/fl mice (Figure 23a-b), and even increased to almost three times higher 

when determined in hepatocytes (identified as cells with big rounded nuclei) (2.42 ± 0.42% in Igf1rfl/fl vs. 

6.97 ± 0.91% in CreERT2; ***p≤0.001, Mann–Whitney U test). The lung epithelium in terminal bronchioles, 

although with higher mean values in the conditional mutants, did not show statistically significant 

difference in cell proliferation between genotypes (Figure 23c-d). However, the proliferation rate in the 

pulmonary alveolar parenchyma was again significantly higher in TMX-treated UBC-CreERT2; Igf1rfl/fl mice 

than in controls (Figure 23e-f), which could explain the presence of cell cumuli in the pulmonary alveolar 

zone. To compare cell death levels between genotypes, apoptotic levels were determined using TUNEL 

(TdT-mediated dUTP nick labeling), however, differences between genotypes were not found to be 

significant in either the liver (0.54 ± 0.11 cells/105 μm2 in Igf1rfl/fl vs. 0.50 ± 0.22 cells/105 μm2 in 

CreERT2) or the lung (4.7 ± 1.4 cells/cm2 in Igf1rfl/fl vs. 9.1 ± 2.1 cells/cm2 in CreERT2). In any case, these 

apoptotic rates appear to be low, and it is difficult to assume that they may have physiological relevance. 
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Figure 23. Increased proliferation levels in liver and lung after TMX-mediated Igf1r conditional deletion at D27. (a, c, 

e) Representative images of Ki67 immunostaining in liver (a), lung bronchioles (c) and lung alveolar parenchyma (e) 

at D27 after TMX treatment of Igf1rfl/fl (upper panels) and UBC-CreERT2; Igf1rfl/fl (lower panels). Note the increased 

presence of Ki67+ cells (brown arrowheads) in liver and alveolar parenchymas of CreERT2 mice. h, Hepatic 

parenchyma, tb terminal bronchiole, al alveolar area. Scale bars 50 μm. b, d, f Graphical representation of Ki67-based 

proliferation rates on specified tissues. In parentheses, number of mice evaluated. Values in graphs show mean ± SEM. 

*p<0.05; ***p<0.001; NS, not significant.  
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4.2 IGF1R deficiency attenuates acute inflammatory response in a BLM-

induced lung injury mouse model (Paper II) 

4.2.1 Postnatal IGF1R deficiency in CreERT2 mice causes a general inhibition of differentially 

expressed genes in the prepuberal lung 

qRT-PCR and WB analyses on lung extracts of eight-week-old CreERT2 mice verified efficient 

depletion of IGF1R expression at the RNA and protein levels (81% and 82%, respectively), when 

compared to their control littermates (Igf1rfl/fl) (Figure 24a-b).  

 
Figure 24. Decreased IGF1R expression levels and changes in the lung transcriptome of prepuberal IGF1R deficient 

mice. (a) Igf1r mRNA expression levels and (b) representative WB for IGF1R and graphical representation of 

densitometric measurements of band intensities (percentage) normalized to beta-Actin levels and quantified in eight-

week-old CreERT2 mice with respect to controls (Igf1rfl/fl). (c) Number of differentially expressed genes (percentage) 

found with significant changes (FDR< 0.1) in the lungs of CreERT2 mice (n = 3), and (d) representation of the 

percentage of Igf1r transcriptionally regulated genes involved in reported biological functions. Bars are color-coded in 

red and green for up- and down-regulated genes (respectively). Numbers within graphic bars indicate the number of 

mice analyzed and data are expressed as mean ± SEM. **p<0.01 (Mann-Whitney U test). Up, up-regulated; Down, 

down-regulated. 

To determine the impact of Igf1r deficiency on global lung RNA expression, RNA-Seq was 

performed. Bioinformatics analyses were performed comparing CreERT2 vs. Igf1rfl/fl lung mRNA 

expression profiles (data submitted to Gene Expression Omnibus, accession number GSE88908). 

Establishing a False Discovery Rate (FDR)<0.1, 65 differentially expressed genes were identified. 18 genes 

were up-regulated (28%) and 47 were down-regulated (72%) (Figure 24c and Table 3). 
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Table 3. RNAseq differential expression in the lung of CreERT2 mice (FDR<0.2). 

 Gene name Description Log2 fold 
change Q-value/FDR 

1 Gpx8 Glutathione peroxidase 8 33,33 5,08097E-11 
2 Igf1r Insulin-like growth factor I receptor -2,35512 6,91951E-11 
3 Cyp1a1 Cytochrome P450, family 1, subfamily a, polypeptide 1 2,22399 1,51895E-10 
4 Gnptg N-acetylglucosamine-1-phosphotransferase, gamma subunit 33,33 1,10271E-08 
5 Srrm2 Serine/arginine repetitive matrix 2 -1,29438 2,90396E-06 
6 Nr1d2 Nuclear receptor subfamily 1, group D, member 2 -1,43483 2,65234E-05 
7 Ppp1r2-ps4 Protein phosphatase 1, regulatory (inhibitor) subunit 2, pseudogene 4 33,33 3,69653E-05 
8 Saa3 Serum amyloid A 3 2,58211 7,26024E-05 
9 Epas1 Endothelial PAS domain protein 1 -1,17128 8,78217E-05 
10 Spon2 Spondin 2, extracellular matrix protein 1,76138 0,000320111 
11 Slco2a1 Solute carrier organic anion transporter family, member 2a1 -1,08642 0,000596572 
12 Mll2 Lysine (K)-specific methyltransferase 2D -1,11086 0,000614606 
13 Npnt Nephronectin -0,950843 0,000614606 
14 Hydin HYDIN, axonemal central pair apparatus protein -1,51408 0,00123442 
15 Pcdh1 Protocadherin 1 -0,92639 0,00123442 
16 Lyz1 Lysozyme 1 1,00162 0,00130818 
17 Top2a Topoisomerase (DNA) II alpha 1,19316 0,00146147 
18 Zbtb34 Zinc finger and BTB domain containing 34 -33,33 0,00169479 
19 Cyyr1 Cysteine and tyrosine-rich protein 1 -0,864652 0,00169479 
20 mt-Nd5 NADH dehydrogenase 5, mitochondrial -0,946779 0,00436231 
21 Ces1g Carboxylesterase 1G 2,10737 0,00454152 
22 Pcnx Pecanex homolog (Drosophila) -0,989945 0,00483008 
23 Muc5b Mucin 5, subtype B, tracheobronchial -1,04542 0,0066965 
24 Med13l Mediator complex subunit 13-like -1,05975 0,0072912 
25 Lox Lysyl oxidase -0,893177 0,00758989 
26 Tenc1 Tensin 2 -0,95569 0,0130699 
27 Dnahc6 Dynein, axonemal, heavy chain 6 -0,953513 0,0156303 
28 Hist1h1d Histone cluster 1, H1d 1,27832 0,0174382 
29 Atp2a3 ATPase, Ca++ transporting, ubiquitous -0,935091 0,0195047 
30 Zbtb16 Zinc finger and BTB domain containing 16 -0,87579 0,0255043 
31 Svep1 Sushi, von Willebrand factor type A, EGF and pentraxin domain containing 1 -0,82965 0,0288283 
32 Mki67 Antigen identified by monoclonal antibody Ki 67 0,88978 0,0288283 
33 Snhg11 Small nucleolar RNA host gene 11 -1,27045 0,0331612 
34 Hist1h2bb Histone cluster 1, H2bb 1,21471 0,0347587 
35 Zfp518b Zinc finger protein 518b -33,33 0,0360491 
36 Zfhx3 Zinc finger homeobox 3 -0,987494 0,0371726 
37 Notch3 Neurogenic locus homolog protein 3 -1,01305 0,0405676 
38 Foxo1 Forkhead box O1 -1,02458 0,0411093 
39 Apol11b Apolipoprotein L 11b -1,89341 0,0485738 
40 Syngap1 Synaptic Ras GTPase activating protein 1 homolog (rat) -33,33 0,0487062 
41 AC147987.1 RIKEN cDNA 4933404O12 gene 33,33 0,0492756 
42 C030017K20Rik RIKEN cDNA C030017K20 gene -33,33 0,0507919 
43 Rab6b RAB6B, member RAS oncogene family -1,17859 0,0507919 
44 Crebbp CREB binding protein -0,854579 0,0508175 
45 Kif11 Kinesin family member 11 1,18653 0,0508175 
46 Fancf Fanconi anemia, complementation group F 33,33 0,0536387 
47 Hr Hairless -33,33 0,0546633 
48 Ptprb Protein tyrosine phosphatase, receptor type, B -0,815991 0,0550762 
49 Gdpd3 Glycerophosphodiester phosphodiesterase domain containing 3 -1,6275 0,0593667 
50 Marco Macrophage receptor with collagenous structure 1,43551 0,0632713 
51 Tet3 Tet methylcytosine dioxygenase 3 -0,969638 0,065462 
52 mt-Cytb Cytochrome b, mitochondrial -0,768723 0,0674572 
53 Luc7l2 LUC7-like 2 (S. cerevisiae) -0,472481 0,0674572 
54 Nav2 Neuron navigator 2 -0,969168 0,0684272 
55 Ppp1r3c Protein phosphatase 1, regulatory (inhibitor) subunit 3C 1,13441 0,0712999 
56 Trim25 Tripartite motif-containing 25 -1,04788 0,0733889 
57 Prrc2c Proline-rich coiled-coil 2C -0,785804 0,0733889 
58 Mlxip MLX interacting protein -0,877622 0,076686 
59 Polr2a Polymerase (RNA) II (DNA directed) polypeptide A -0,816322 0,0776129 
60 Ep300 E1A binding protein p300 -0,79195 0,0777767 
61 Abi3bp ABI gene family, member 3 (NESH) binding protein -0,842908 0,0783232 
62 Tgfbr3 Transforming growth factor, beta receptor III -0,794265 0,0902875 
63 Efnb2 Ephrin B2 -0,983599 0,0926999 
64 Hnrnpul2 Heterogeneous nuclear ribonucleoprotein U-like 2 -0,81716 0,0936172 
65 Rps7 Ribosomal protein S7 1,53422 0,093661 

Genes with FDR between 0.10 and 0.20 
66 Cd5l CD5 antigen-like 2,38007 0,11316 
67 Hist1h4m Histone cluster 1, H4m 33,33 0,114229 
68 Pdzd2 PDZ domain containing 2 -0,725257 0,115581 
69 Btbd3 BTB (POZ) domain containing 3 -0,70643 0,119155 
70 Sorbs3 Sorbin and SH3 domain containing 3 -0,908928 0,120407 
71 Myo1d Myosin ID -0,711134 0,120505 
72 Tubd1 Tubulin, delta 1 33,33 0,124497 
73 Ska1 Spindle and kinetochore associated complex subunit 1 33,33 0,124497 
74 Fam65a Family with sequence similarity 65, member A -1,0518 0,124918 
75 Dnahc1 Dynein, axonemal, heavy chain 1 -1,39517 0,127394 
76 mt-Nd6 NADH dehydrogenase 6, mitochondrial -0,805532 0,127994 
77 Pom121 Nuclear pore membrane protein 121 33,33 0,127994 
78 Bmpr2 Bone morphogenetic protein receptor, type II (serine/threonine kinase) -0,708527 0,129371 
79 Hist1h1a Histone cluster 1, H1a 1,21029 0,129371 
80 Ptprg Protein tyrosine phosphatase, receptor type, G -0,688689 0,129504 
81 Eif2c2 Argonaute RISC catalytic subunit 2 -0,799781 0,134313 
82 Arhgap31 Rho GTPase activating protein 31 -0,642048 0,134313 
83 Igfbp3 Insulin-like growth factor binding protein 3 0,800809 0,158183 
84 D730039F16Rik CutA divalent cation tolerance homolog-like 33,33 0,163078 
85 Pkd1 Polycystic kidney disease 1 homolog -0,696951 0,16421 
86 Baz2a Bromodomain adjacent to zinc finger domain, 2A -0,812446 0,168588 
87 Atp5k ATP synthase, H+ transporting, mitochondrial F1F0 complex, subunit E 1,02612 0,169495 
88 Cd276 CD276 antigen 33,33 0,172103 
89 Gm10277 Predicted gene 10277 -33,33 0,174175 
90 Dock6 Dedicator of cytokinesis 6 -0,848506 0,175012 
91 Parp4 Poly (ADP-ribose) polymerase family, member 4 -0,838119 0,175012 
92 Plxna2 Plexin A2 -0,703027 0,175012 
93 Sdf2l1 Stromal cell-derived factor 2-like 1 1,20602 0,178254 
94 Nsun5 NOL1/NOP2/Sun domain family, member 5 33,33 0,178254 
95 Crtc3 CREB regulated transcription coactivator 3 -1,0953 0,182596 
96 Sh3pxd2a SH3 and PX domains 2A -0,669411 0,182596 
97 Arid1a AT rich interactive domain 1A (SWI-like) -0,819629 0,182803 
98 Crim1 Cysteine rich transmembrane BMP regulator 1 (chordin like) -0,714825 0,185107 
99 Smarca1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 1 33,33 0,18851 
100 2900026A02Rik RIKEN cDNA 2900026A02 gene -1,04303 0,191335 
101 Fmnl2 Formin-like 2 -0,82042 0,191335 
102 Shank2 SH3/ankyrin domain gene 2 -1,65139 0,193573 
103 Pabpc1 Poly(A) binding protein, cytoplasmic 1 -0,800107 0,193573 
104 mt-Nd4 NADH dehydrogenase 4, mitochondrial -0,676625 0,197356 
105 Brd4 Bromodomain containing 4 -0,965817 0,198125 
106 Hspg2 Perlecan (heparan sulfate proteoglycan 2) -0,768995 0,198125 
107 Reck Reversion-inducing-cysteine-rich protein with kazal motifs -0,854115 0,198715 
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The most significantly affected biological functions based on GO and Keyword annotations, as well 

as published reports, are shown in Figure 24d. Genes assigned to an extended list of these functions are 

displayed in Table 4.  

Table 4. Biological functions and differentially expressed genes found with significant changes after 

RNAseq in the lung of CreERT2 mice (FDR<0.1). 

Biological functions Up-regulated genes Down-regulated genes 
Development and growth Saa3, Mki67, Kif11, Fancf, Ppp1r3c, Rps7 Epas1, Npnt, Pcdh1, Lox, Tenc1, Zbtb16, Zfhx3, Notch3, 

Foxo1, Apol11b, Syngap1, Crebbp, Prprb, Luc7l2, Nav2, 
Prrc2c, Ep300, Abi3bp, Tgfbr3, Efnb2 

Transcriptional regulation Hist1h1d, Hist1h2bb, Ppp1r3c, Rps7 Srrm2, Nr1d2, Epas1, Zbtb34, Med13l, Zbtb16, Zfp518b, 
Zfhx3, Notch3, Foxo1, Crebbp, Hr, Tet3, Luc7l2, Mlxip, 
Polr2a, Ep300, Hnrnpul2 

Epigenetics Top2a, Hist1h1d, Hist1h2bb, Fancf Mll2, Foxo1, Rab6b, Crebbp, Tet3, Polr2a, Ep300 

Inflammation and Immune 
response 

Saa3, Spon2, Lyz1, Marco Nr1d2, Slco2a1, Muc5b, Foxo1, Trim25, Tgfbr3 

Protumor function Tp2a, Mki67 Epas1, Mll2, Atp2a3, Notch3, Trim25, Prrc2c, Abi3bp, 
Efnb2 

Hypoxia, redox function and 
Oxidative stress 

Gpx8, Cyp1a1 Nr1d2, Epas1, mt-Nd5, Foxo1, Hr, mt-Cytb, Ep300, 
Tgfbr3 

Cell adhesion and Migration Spon2 Npnt, Pcdh1, Tenc1, Svep1, Nav2, Tgfbr3, Efnb2 

Tumor suppression - Zbtb16, Lox, Zfhx3, Notch3, Foxo1, Ep300, Tgfbr3 

Respiratory diseases Saa3, Marco Epas1, Pcdh1, Muc5b, Notch3 

Vascular permeability and 
Hypertension 

Spon2 Epas1, Lox, Foxo1, Ptprb 

Insulin regulation and 
resistance 

Saa3 Epas1, Mll2, Atp2a3, Foxo1 

Metabolism Ces1g, Ppp1r3c Nr1d2, Foxo1, Gdpd3 

Igf action regulation and 
signaling 

- Muc5b, Lox, Foxo1, Crebbp, Efnb2 

Detoxification and damage 
resistance 

Cyp1a1, Spon2, Ces1g Epas1, Notch3 

Cell transport - Atp2a3, Apol11b, Rab6b 

Ciliary motility Kif11 Hydin, Dnahc6 

Other/Unknown Gnptg, Ppp1r2-ps4, Ac147987.1 Cyyr1, Pcnx, Snhg11, C030017K20Rik, Syngap1 

Interestingly, the majority of genes in all categories were down-regulated. Most of them fall into 

three major categories: development/growth (Mki67 and Rps7, up-regulated; Notch3, Foxo1, Epas1 and 

Tgfbr3, down-regulated), transcriptional regulation and epigenetics (Top2a, Hist1h1d and Hist1h2bb, up-

regulated; Crebbp, Ep300, Polr2a, Zbtb34, Zbtb16, Zfp518b and Zfhx3, down-regulated). Additional relevant 

biological functions of these genes include inflammation and immune response, followed by protumor 



 

40 

 

function, hypoxia/redox and oxidative stress, as well as cell adhesion and migration (Table 4). The top ten 

differentially expressed genes and their major biological functions are listed in Table 5.  

Table 5. Top 10 differentially expressed genes in the lung of CreERT2 mice, and their assigned main 

functions. 

Accession No. Gene name Description FDR Main function 

Upregulated 

NM_027127.2 Gpx8 Glutathione peroxidase 8 5.08 E-11 Antioxidative stress 

NM_009992.4 Cyp1a1 Cytochrome P450, family 1, subfamily a, polypeptide 1 1.51 E-10 Antioxidative stress 

NM_172529.3 Gnptg N-acetylglucosamine-1-phosphotransferase, gamma subunit 1.10 E-08 Lysosome transport 

AK015709 Ppp1r2-ps4 Protein phosphatase 1, regulatory (inhibitor) subunit 2, 

pseudogene 4 

3.69 E-05 Unknown 

NM_011315.3 Saa3 Serum amyloid A 3 7.26 E-05 Immune cell response 

NM_133903.3 Spon2 Spondin 2, extracellular matrix protein 3.20 E-4 Immune cell response 

Downregulated 

NM_010513.2 Igf1r Insulin-like growth factor I receptor 6.91 E-11 Cell growth and survival 

NM_175229.3 Srrm2 Serine/arginine repetitive matrix 2 2.90 E-06 Pre-mRNA splicing 

NM_011584.4 Nr1d2 Nuclear receptor subfamily 1, group D, member 2 2.65 E-05 Transcriptional repression 

NM_010137.3 Epas1 Endothelial PAS domain protein 1 8.78 E-05 Endothelial barrier function 

As expected, Igf1r is the most down-regulated gene, followed by Srrm2 (involved in pre-mRNA 

splicing), Nr1d2 (transcriptional regulator) and Epas1 (endothelial barrier integrity). The most up-

regulated genes are Gpx8 and Cyp1a1, both implicated in anti-oxidative stress, followed by Gnptg 

(lysosome transport), Ppp1r2-ps4 (pseudogene) and Saa3 and Spon2, both involved in the immune 

response. 

4.2.2 IGF1R deficiency improves mouse survival and alters IGF system gene expression in early stages 

after BLM-mediated pulmonary injury 

To further analyze how IGF1R affects lung homeostasis, CreERT2 mice were treated with BLM to 

induce lung damage at six weeks of age (D0), and their survival was followed until D21 (Figure 25a-b). 

The percentage of survivors after BLM challenge was significantly higher in CreERT2 mice (79%) than in 

Igf1rfl/fl mice (33%), without gender differences. Interestingly, mortality predominantly affected mice 

within the first week of treatment, beginning at D3 (Figure 25b). qRT-PCR and WB analyses on lung 

extracts at D3 verified IGF1R reduced mRNA (88%) and protein (84%) levels in CreERT2 mice (Figure 

25c-d). In the search for possible compensatory effects on IGF system gene expression, the mRNA levels of 

Igf1, Igfbp3, Igfbp5 and Insr, in addition to the IGF/Ins transcription factor-signaling mediator Foxo1, were 

determined by qRT-PCR. Igf1 levels were found to be significantly diminished in CreERT2 lungs but 

conversely, Igfbp3, Igfbp5, Insr and Foxo1 levels were increased (Figure 25e). 
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Figure 25. Establishment of the BLM-mediated acute lung injury model, and improved survival, reduced expression of 

IGF1R as well as changes in mRNA expression of IGF system genes in IGF1R-deficient mice. (a) Tamoxifen (TMX) was 

administered daily for five consecutive days to four-week-old UBC-CreERT2; Igf1rfl/fl mice to induce a postnatal Igf1r 

gene conditional deletion using Igf1rfl/fl mice as experimental controls. Six-week-old mice were intra-tracheally 

instilled with 2.5 μl/g BLM (2 U/ml) or saline using a ketamine-xylazine anesthetic combination. Cellular and 

molecular analyses were assessed on day (D) 3, based on survival curves. (b) Survival rates after BLM challenge 

determined over a follow-up period of 21 days in CreERT2 (n = 24) and Igf1rfl/fl mice (n = 30). Data are expressed as 

the percentage of mice alive at each time point. (c) Igf1r mRNA expression levels, (d) representative Western blots for 

IGF1R and graphical representation of densitometric measurements of band intensities (percentage) normalized to 

beta-Actin levels, and (e) mRNA expression of IGF system related genes (Igf1, Igfbp3, Igfbp5, Insr and Foxo1) in lungs 

of CreERT2 vs. Igf1rfl/fl mice at D3 post-intratracheal instillation. Numbers within graphic bars indicate the number of 

mice analyzed and data are expressed as mean ± SEM. *p<0.05; **p<0.01 (Mann-Whitney U test). BLM, bleomycin. 

4.2.3 IGF1R depletion protects against lung vascular fragility and permeability, and reduces 

inflammatory cell presence in BALF after BLM treatment 

Since BLM causes an acute increase in total cells and protein concentration in BALF, BALFs from 

saline- (SAL) and BLM-treated mice from both genotypes were analyzed at D3 (Figure 26a). To evaluate 

lung vascular fragility and permeability, the presence of erythrocytes and the protein concentration in 

BALF were quantified. Interestingly, the increased erythrocyte presence (10-fold) found in BALF of 

Igf1rfl/fl from BLM compared to SAL-treated mice, was not as pronounced (4-fold) in CreERT2 mice. It is 

important to mention that erythrocyte counts from SAL-treated CreERT2 mice were significantly reduced 

(3-fold) with respect to Igf1rfl/fl, and were even more accentuated (6-fold) after BLM challenge (Figure 
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26b). Only Igf1rfl/fl BALF protein levels were found to be increased (2-fold) when comparing SAL- to BLM-

treated mice, whereas in CreERT2 mice, protein levels remained unchanged after BLM treatment (Figure 

26c). In parallel, total and differential cell counts for neutrophils, macrophages and lymphocytes were 

severely attenuated in BALF from BLM-challenged CreERT2 lungs with respect to their SAL-treated 

controls (Figure 26d).  

 

Figure 26. Reduced vascular fragility and lung permeability, and diminished leukocyte presence in BALF of IGF1R-

deficient mice after BLM treatment. (a) Representative cytospin images, (b) quantification of number of erythrocytes 

per HPF, (c) total protein concentration and, (d) total and differential cell counts performed on cytospin preparations 

of BALF from saline- or BLM-treated CreERT2 vs. Igf1rfl/fl mice at D3. Scale bar: 20 μm. Numbers within graphic bars 

indicate the number of mice analyzed and data are expressed as mean ± SEM. *p<0.05; **p<0.01 ***p<0.001 (Dunn 

Sidak multiple comparison test). SAL, saline; BLM, bleomycin; BALF, bronchoalveolar lavage fluid; HPF, high-power 

field. 

Additionally, differential cell counts in BALF were also calculated as a proportion with respect to 

total absolute cell numbers, and expressed as percentages (Table 6). Although BLM-treated Igf1rfl/fl mice 

demonstrated a significant increment in BALF total cells (3-fold) compared to SAL-treated mice, CreERT2 

mice did not show such an increase. Differential cell counts for neutrophils, macrophages and 

lymphocytes in BLM-challenged Igf1rfl/fl mice exhibited the same marked increase. Furthermore, total and 

differential cell counts in BALF of IGF1R-deficient mice showed a severe attenuation with respect to 

Igf1rfl/fl (Figure 26d).  



 

43 

 

Table 6. Differential BALF cell counts represented as the percentage of each cell type to total cell counts in 

Igf1rfl/fl and CreERT2 mice. 

Cell type Condition Igf1rfl/fl CreERT2 
Neutrophils SAL 0.833 ± 0.166 0.833 ± 0.396 

 BLM 55.416 ± 1.535 17.250 ± 3.119 *** 

Macrophages SAL 97.583 ± 0.567 98.998 ± 0.192 

 BLM 37.166 ± 2.558 73.250 ± 2.495 *** 

Lymphocytes SAL 1.583 ± 0.416 0.999 ± 0.360 

 BLM 8.333 ± 0.990 9.500 ± 1.040 
Data are expressed as mean ± SEM. *** p<0.001, when comparing Igf1rfl/fl vs. CreERT2 on each condition. SAL, saline; 

BLM, bleomycin. 

4.2.4 IGF1R deficiency reduces proliferation and attenuates acute lung inflammation and bone 

marrow neutrophilopoiesis after BLM-challenge 

Inflamed lung areas were measured at D3, and were found to be markedly reduced in BLM-treated 

CreERT2 lungs (7-fold) (Figure 27a-b).  

 

Figure 27. Decreased inflammation and increased resolution marker levels in IGF1R-deficient lungs following BLM 

treatment. (a) Representative images of H&E stained inflamed lung sections (scale bar: 0.5 mm), (b) quantification of 

inflamed lung area to total lung surface, (c,e) lung tissue mRNA expression of proinflammatory (Tnf, Il1b and Il6) and 

injury resolution phase (Il13, Csf1 and Cd209a) markers, and (d,f) TNF and IL13 levels in lung homogenate from BLM-

treated CreERT2 mice at D3. Numbers within graphic bars indicate the number of mice analyzed and data are 

expressed as mean ± SEM. *p<0.05; **p<0.01 (Mann-Whitney U test). BLM, bleomycin. 
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To verify and further investigate the mechanism by which IGF1R deficiency blocks inflammatory 

cell recruitment to the lung, mRNA expression analysis of different inflammatory markers was performed. 

Pro-inflammatory cytokines Tnf, Il1b and Il6 were found to be significantly down-regulated in CreERT2 

lungs (Figure 27c), and the reduction of TNF protein levels was confirmed by ELISA (Figure 27d). 

Conversely, mRNA expression levels of the injury resolution-phase markers Csf1, Il13 and Cd209a were 

significantly increased (Figure 27e). Despite clearly increased Il13 mRNA levels, protein levels were 

found to be only slightly increased (Figure 27f). 

Cell proliferation evaluated in lung perivascular areas and in the alveolar parenchyma by Ki67 

immuno-staining on D3 was found to be substantially reduced in CreERT2 mice (3-fold in both cases) 

(Figure 28a-b).  

 

Figure 28. Diminished cell proliferation in IGF1R-deficient lungs after BLM challenge. (a) Representative images of 

Ki67 immuno-staining (in brown, orange arrows) under the pulmonary artery (top) and in the alveolar parenchyma 

(bottom), and (b) quantification of cell proliferation rates (Ki67+) in BLM treated CreERT2 vs. Igf1rfl/fl lungs at D3 

(scale bar: 20 μm). Numbers within graphic bars indicate the number of mice analyzed and data are expressed as 

mean ± SEM. **p<0.01 (Mann-Whitney U test). PV, perivascular; pa, pulmonary artery. 

As an indirect measure of inflammatory cell presence in the lung, mRNA levels of neutrophil 

chemotaxis (Cxcl1), neutrophil (Ly6g) and macrophage (Marco and Adgre1) markers were determined. 

Cxcl1 levels were greatly reduced in IGF1R-deficient lungs, and Ly6g, Marco and Adgre1 markers also 

showed a significant reduction (Figure 29a).  
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Figure 29. Reduced inflammatory cell infiltration in IGF1R-deficient lungs after BLM treatment. (a) Lung mRNA 

expression of neutrophil chemotaxis (Cxcl1), neutrophil (Ly6g) and macrophage (Adgre1 and Marco) markers and (b) 

representative H&E, as well as F4/80 and CD3 immunostained sections, and quantification of neutrophils (red 

arrowheads, upper panels), alveolar macrophages (white arrowheads, middle panels) and lymphocytes (orange 

arrowheads, bottom panels) in BLM treated CreERT2 vs. Igf1rfl/fl lungs at D3. Scale bars: 10 μm (upper panels) and 20 

μm (middle and bottom panels). Numbers within graphic bars indicate the number of mice analyzed and data are 

expressed as mean ± SEM. *p<0.05; **p<0.01 (Mann-Whitney U test). 

Neutrophilic infiltration found in perivascular areas was 44% and 7% of total infiltrates for Igf1rfl/fl 

and CreERT2 BLM-challenged lungs, respectively (Figure 28b, upper panel). F4/80 immunostaining 

revealed a significant decrease for both alveolar macrophage numbers (50%), and volumes (360.1 ± 17.1 

μm3 vs. 78.1 ± 5.3 μm3; p = 0.009) (Figure 29b, middle panel). In view of the reduced presence of BALF 

lymphocytes in mutant mice, infiltration into the lung was also assessed by immunostaining for CD3. 

Accordingly, lymphocyte counts were also diminished (45%) in CreERT2 lungs (Figure 29b, bottom 

panel).  

To verify reduced neutrophil infiltration in IGF1R-deficient mice, total and neutrophil counts were 

performed in bone marrow cytospins obtained from mice of both genotypes after BLM treatment. As 
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expected, total cells and neutrophils were found to be diminished in CreERT2 mice with respect to Igf1rfl/fl 

BLM-challenged lungs (2- and 5-fold, respectively) (Figure 30a-b). 

 

Figure 30. Reduced total and neutrophil counts in bone marrow from IGF1R-deficient mice. (a,b) Representative 

images, and total and neutrophil (red arrowheads) counts in bone marrow cytospin preparations from BLM-treated 

CreERT2 vs. Igf1rfl/fl mice at D3. Scale bar: 20 μm. Numbers within graphic bars indicate the number of mice analyzed 

and data are expressed as mean ± SEM. **p<0.01 (Mann-Whitney U test). BLM, bleomycin; BM, bone marrow. 

4.2.5 IGF1R deficiency reduces alveolar damage and HIF1A expression in BLM-challenged lungs 

To determine the effect of IGF1R depletion on alveolar damage after BLM challenge, alveolar 

epithelial cell type-specific markers were quantified by qRT-PCR on D3. Transcript levels of alveolar 

epithelial cell type 1 (Aqp5) and 2 (Sftpc) markers were found to be significantly increased in CreERT2 

BLM-challenged lungs. However, IGF1R-deficient lungs demonstrated significantly decreased levels of the 

hypoxia-inducible factor 1 subunit alfa (Hif1a) (Figure 31a).  
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Figure 31. Reduced alveolar damage and HIFA expression in BLM-challenged lungs of IGF1R-deficient mice. (a) 

Changes in mRNA expression of alveolar (Aqp5 and Sftpc), response to hypoxia (Hif1a), and antioxidative stress 

(Gpx8) markers, (b) representative SFTPC (pink arrowheads) and HIF1A immunostained sections (upper and bottom 

panels, respectively), (c) number of SFTPC positive cells per unit area of lung tissue, and (d) quantification of HIF1A 

relative fluorescence intensity in lungs of CreERT2 and Igf1rfl/fl mice at D3 after BLM treatment. Scale bars: 20 μm. 

Numbers within graphic bars indicate the number of mice analyzed and data are expressed as mean ± SEM. *p<0.05; 

**p<0.01 (Mann-Whitney U test). RFU, relative fluorescence units. 

Since the RNA-seq indicated that the anti-oxidative stress marker Gpx8 was the most up-regulated 

gene in CreERT2 unchallenged lungs, its mRNA expression was assayed in BLM-treated lungs, and also 

found to be increased in IGF1R-deficient mice with respect to controls (Figure 31a). SFTPC and HIF1A 

expression determined by immunohistochemistry verified mRNA expression levels (Figure 31b). In 

accordance, the number of SFTPC+ cells was significantly increased (1.6-fold) (Figure 31c), and 

conversely, HIF1A relative fluorescence intensity was found to be diminished (1.8-fold) in IGF1R-deficient 

lungs (Figure 31d). 
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4.3 Attenuated airway hyperresponsiveness and mucus secretion in 

HDM-exposed IGF1R-deficient mice (Paper III) 

4.3.1 Depletion of IGF1R in CreERT2 mutant mice and changes in expression of IGF system genes after 

the HDM challenge 

To verify the IGF1R depletion and investigate the influence of allergic inflammation on the IGF 

system, qRT-PCR and WB analyses were performed on lung extracts of CreERT2 mutant mice and their 

control littermates (Igf1rfl/fl) after four weeks of repeated exposure to PBS or HDM (Figure 17). mRNA 

expression levels demonstrated an efficient depletion of Igf1r in CreERT2 PBS-treated mice (90%) and 

without changes between HDM-treated groups. In addition, HDM treatment decreased Igf1r mRNA levels 

in Igf1rfl/fl mice (81%) (Figure 32a). WB analysis corroborated these results, showing a significant 

reduction in IGF1R protein levels in CreERT2 PBS-treated mice (87%), and no differences between HDM-

treated groups (Figure 32b). Igf1r deficiency caused a significant increase in mRNA expression of Igf1 and 

Insr expression levels in PBS-treated mice, but not for Igfbp3 and Igfbp5. Even though HDM treatment 

significantly reduced the expression levels of Insr, Igfbp3, and Igfp5 in both genotypes without affecting 

Igf1, Igf1r depletion led to a significant increase in the expression of all IGF system genes measured 

(Figure 32c). 

 

Figure 32. Efficient depletion of IGF1R and changes in expression of the IGF system genes in lungs of CreERT2 mice 

after HDM-induced allergic airway inflammation. (a) Igf1r mRNA expression levels normalized to 18S expression; (b) 

representative WB for IGF1R and graphical representations of densitometric measurements of band intensities 

normalized to beta-actin levels; and (c) lung tissue mRNA expression of IGF system-related genes in PBS- and HDM-

exposed Igf1rfl/fl and CreERT2 mice. Numbers within graphic bars indicate the number of mice analyzed, and data are 

expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Mann-Whitney U and Dunn-Sidak multiple comparison 

tests). HDM, house dust mite; PBS, phosphate buffered saline. 
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4.3.2 IGF1R deficiency improves lung function and counteracts allergic airway inflammation and 

airway remodeling in HDM-treated mice 

To assess whether IGF1R deficiency has an effect on lung mechanics, airway responsiveness to 

inhaled methacholine was measured (Figure 33). Compared with PBS, HDM-challenged Igf1rfl/fl mice 

displayed airway hyperresponsiveness (AHR) with an increased response for the proximal, Rn, and distal 

parameters, G and H. The AHR seen in both the proximal and distal parts of the lung was, however, not 

present in CreERT2 HDM-treated mice, which showed similar functional responses as PBS-treated mice. 

These findings show that IGF1R deficiency improves mouse lung function at both central and peripheral 

levels after HDM-mediated asthma. 

 

Figure 33. IGF1R deficiency decreases AHR after house dust mite challenge. Resistance of conducting airways (Rn), 

tissue damping (G), and tissue elastance (H) to MCh evaluated with the flexiVent system. Numbers in graphic legends 

indicate the number of mice analyzed, and data are expressed as mean ± SEM. * Igf1rfl/fl + HDM vs CreERT2 + HDM; # 

Igf1rfl/fl + HDM vs Igf1rfl/fl + PBS. One symbol, p<0.05; two symbols, p<0.01; three symbols, p<0.001 (Dunn-Sidak 

multiple comparison test). MCh, methacholine; HDM, house dust mite; PBS, phosphate buffered saline. 

Although differences counting circulating macrophages, lymphocytes, and neutrophils were not 

found, HDM-treated Igf1rfl/fl mice showed increased eosinophil numbers in blood (4-fold), when compared 

to PBS-treated. The CreERT2 HDM-challenged mice did not show such an increase when compared to PBS-

treated (Figure 34a). Allergen-treated Igf1rfl/fl mice demonstrated a significant increase in total cells in 

BALF (8-fold) compared to PBS-treated control mice. HDM-challenged CreERT2 mice also displayed an 

increase in total cell numbers (6-fold), although significantly lower than that observed in Igf1rfl/fl mice 

(Figure 34b). Differential cell counts in BALF from Igf1rfl/fl and CreERT2 mice exhibited a marked increase 

in lymphocyte (49- and 25-fold, respectively) and neutrophil (45- and 40-fold, respectively) numbers in 

HDM-challenged mice, without significant differences between genotypes. The eosinophils were also 

increased after HDM in Igf1rfl/fl mice (40-fold); however, this phenomenon was not observed in CreERT2 

mice, which roughly showed basal eosinophil counts (Figure 34b). 

In HDM-exposed mice, the total IgE concentration in serum was highly increased in both genotypes 

after HDM exposure when compared to PBS-exposed mice (>90%) (Figure 34c). In addition, IL13 levels 

in lung homogenates were significantly higher in HDM-treated Igf1rfl/fl mice compared to PBS-exposed 

mice (27%), whereas HDM-challenged CreERT2 lungs displayed normal values (Figure 34d). 
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Figure 34. IGF1R depletion attenuates the increase in blood and BALF eosinophils, and IL13 levels in lung 

homogenates after exposure to house dust mite. (a) Peripheral white blood cell counts on blood smear preparations; 

(b) total and differential cell counts performed on cytospin preparations of BALF; and (c) serum total IgE and (d) IL13 

levels in lung homogenate quantified by ELISA. Numbers within graphic bars indicate the number of mice analyzed, 

and data are expressed as mean ± SEM. **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house 

dust mite; PBS, phosphate buffered saline.  

In an attempt to determine how IGF1R deficiency protects against HDM-mediated allergic airway 

inflammation at the histopathological level, several asthma-related features were measured in airways: 

inflamed lung area, number of PAS+ cells, collagen staining, and smooth muscle thickness. Assessment of 

all of these features revealed increased values in HDM-challenged lungs of both genotypes compared to 

their PBS-treated controls. Measurements that were markedly increased in case of Igf1rfl/fl mice displayed 

a milder increase in allergen-treated CreERT2 lungs (Figure 35). 
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Figure 35. Reduced allergic airway inflammation, goblet cell hyperplasia, collagen content, and smooth muscle 

thickness in IGF1R-deficient mice after HDM exposure. Representative images of proximal airways showing inflamed 

lung areas (left) (scale bar: 0.5 mm); mucus-producing cells per epithelium length (red arrowheads in insets) (center 

left) and airway collagen content (center right) (scale bars: 50 μm); and smooth muscle thickness (right) (scale bar: 

20 μm). Bottom graphs represent quantification of the abovementioned parameters. Numbers within graphic bars 

indicate the number of mice analyzed, and data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-

Sidak multiple comparison test). H&E, hematoxylin and eosin; PAS, periodic acid-Schiff; α-SMA, alpha-smooth muscle 

actin; AW, airway; HDM, house dust mite; PBS, phosphate buffered saline; SM, smooth muscle. 

4.3.3 IGF1R depletion attenuates airway hyperreactivity and enhances surfactant expression 

Airway wall thickness was measured in the four experimental groups. Accordingly, CreERT2 mice 

showed a significantly thinner airway after both treatments. However, whereas in Igf1rfl/fl mice, HDM 

challenge induced airway thickening (19%), HDM-exposed CreERT2 lungs did not show such thickness 

(Figure 36a).  
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Figure 36. Attenuation of airway hyperreactivity and mucus secretion and increased expression of surfactant 

markers in HDM-exposed IGF1R-deficient mice. (a) Proximal airway wall thickness; (b) lung mRNA expression of the 

mucus secretion markers Muc5ac and Spdef normalized to 18S expression; (c) proportion of club (in red) and ciliated 

(in green) cells and quantification of MUC5AC (in red)-positive cells in terminal and proximal bronchioles, 

respectively; and (d) changes in mRNA expression of surfactant (Sftp) markers a1, b, c, and d in CreERT2 mice. Scale 

bars: 20 μm. Numbers within graphic bars indicate the number of mice analyzed, and data are expressed as mean ± 

SEM. *p<0.05; **p<0.01; ***p<0.001 (Mann-Whitney U test and Dunn-Sidak multiple comparison test). HDM, house 

dust mite; PBS, phosphate buffered saline; tb, terminal bronchioles; pb, proximal bronchioles; SCGB1A1, secretoglobin 

1A1; GLUTUB, Glu-tubulin; MUC5AC, mucin 5ac.  
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To validate the increase in PAS+ cell numbers, mRNA levels of Muc5ac and the master regulator 

Spdef were measured. As expected, HDM-challenged Igf1rfl/fl lungs showed significantly increased Muc5ac 

levels (16-fold) with respect to PBS-exposed controls. HDM-challenged CreERT2 mice also demonstrated 

increased Muc5ac levels with respect to PBS-treated mice; however, this increase was significantly lower 

than that observed in Igf1rfl/fl mice (7-fold) (Figure 36b, left). Correspondingly, mRNA levels of the master 

regulator Spdef were also reduced in HDM-challenged CreERT2 mice (42%) (Figure 36b, right). 

Immunohistochemical analyses of the airway epithelium cellular composition in HDM-exposed lungs 

revealed a significant decrease in SCGB1A1+ club cells (35%) and a concomitant increase in GLUTUB+ cells 

in CreERT2 mice (17%). Furthermore, the proportion in MUC5AC+ cells was also diminished in IGF1R-

deficient mice (50%) (Figure 36c). 

Finally, to elucidate how IGF1R depletion improves peripheral lung function, mRNA expression 

levels of the surfactant markers Sftpa1, Sftpb, Sftpc, and Sftpd (Figure 36d) were evaluated. IGF1R 

deficiency caused a generalized increase in all markers measured after both PBS and HDM treatments, 

although Sftpc changes were not significant in PBS-exposed mice. In addition, whereas Sftpa1 and Sftpd 

levels showed similar changes in expression levels in PBS- and HDM-challenged mice, Sftpc levels were 

significantly reduced in HDM-challenged mice of both genotypes, and Sftpb was only found to be reduced 

in Igf1rfl/fl animals. 
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4.4 Characterization of the acute inflammatory profile and resolution of 

airway inflammation after Igf1r-gene targeting in a murine model of 

HDM-induced asthma (Paper IV) 

4.4.1 Characterization of the murine acute allergic profile 

Inbred C57BL/6 mice were subjected to an acute HDM exposure to study the progressive changes 

in BALF and lung (Figure 37a).  

 

Figure 37. Protocol for acute HDM exposure and progressive accumulation of inflammatory cells in BALF of inbred 

C57BL/6 mice. (a) Eight- to 10-week-old (W8-10) inbred C57BL/6 female mice were intranasally challenged with 

daily consecutive doses of 40 μg of HDM extract in 20 μl of PBS (2 mg/ml) or equal volume of PBS. BALF and lungs 

were collected 24 h after the last exposure on days [D] 3, D5 or D7. (b-c) Representative images of BALF cytospin 

preparations (scale bar: 20 μm) and total and differential cell counts in BALF from PBS- or HDM-treated inbred 

C57BL/6 mice at D3, D5 and D7. Data are expressed as mean ± SEM (n = 4 animals per group). *p<0.05; **p<0.01; 

***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, phosphate buffered saline. 
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Total cell counts were significantly increased at day D5 and D7, reaching the highest numbers at D7 

(Figure 37b-c). Differential cell counts in BALF showed a marked increase in lymphocyte, neutrophil and 

eosinophil numbers at D5 and D7, whilst macrophage counts remained unchanged. Lymphocyte and 

eosinophil numbers were higher at D7 without changes in neutrophil counts between D5 and D7 (Figure 

37b-c). 

Inflamed lung area, airway thickness, number of PAS+ cells and collagen staining were only 

significantly changed at D7, with the exception of the inflamed lung area parameter which was increased 

at D5, although to a lesser degree than at D7 (Figure 38).  

 

Figure 38. Progressive increase in airway inflammation and remodeling after acute HDM exposure in inbred C57BL/6 

mice. Representative images of proximal airways showing inflamed lung areas (left) (scale bar: 0.5 mm), and airway 

thickness (orange bars in insets) (center left), mucus-producing cells per epithelium length (red arrowheads in insets) 

(center right) and collagen content (right) (scale bars: 50 μm) in PBS- or HDM-treated C57BL/6 mice at D3, D5 and 

D7. Bottom graphs represent quantification of the abovementioned parameters. Data are expressed as mean ± SEM (n 

= 4 animals per group). **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). H&E, Hematoxilin and eosin; 

PAS, Periodic Acid Schiff; AW, airway; HDM, house dust mite; PBS, phosphate buffered saline. 
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Lung mRNA expression analysis demonstrated a significant up-regulation of the allergic airway 

inflammation markers Il33, Cd4, Il4, Il10, Il13, Ccl11, Ccl2, Cxcl1, Tnf and Il1b in addition to the airway 

remodeling indicators Acta2, Muc5ac and Col1a1. Tslp and Ccl5 expression was not found to be induced by 

HDM, and Il25 expression was not able to be measured due to low to undetectable levels (Figure 39a-b). 

It should be noted that mRNA expression of Il33, Cd4, Tnf, Il1b and Col1a1 markers was induced at D7 

unlike all other markers which were already significantly increased at D5 but in general in a lesser extent 

than at D7. The increased Ccl11 expression was validated by CCL11 protein levels (Figure 39c). 

 

Figure 39. Expression of airway inflammation and remodeling markers after acute HDM treatment in inbred 

C57BL/6 mice. (a) Lung tissue mRNA expression levels of dendritic cell activators (Il33 and Tslp), T-lymphocyte 

marker (Cd4), Th2 cytokines (Il4, Il10 and Il13), eosinophil (Ccl11 and Ccl5), macrophage (Ccl2) and neutrophil (Cxcl1) 

chemoattractants and Th1 cytokines (Tnf and Il1b); (b) bronchoconstriction (Acta2), goblet cell hyperplasia (Muc5ac) 

and collagen deposition (Col1a1) markers, and (c) CCL11 protein levels in lung homogenates in PBS- or HDM-treated 

inbred C57BL/6 mice at D3, D5 and D7. Data are expressed as mean ± SEM (n = 3-4 animals per group). *p<0.05; 

**p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, phosphate buffered saline. 

4.4.2 Decreased HDM-induced neutrophilopoiesis and eosinophilopoiesis, and IL13, CCL11 and IgE 

serum levels after preventively-induced Igf1r deficiency 

Together, the results presented in the previous section indicate that D7 is an appropriate time point 

to study the acute allergic phenotype after HDM challenge. Thus, Igf1r deficiency was preventively-

induced to study the implication of Igf1r in acute asthma pathobiology (Figure 40a).  
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Figure 40. Protocol for prophylactic induction of Igf1r deficiency and HDM treatment, bone marrow cell counts and 

circulating levels of allergy-related markers. (a) Igf1rfl/fl (controls) and UBC-CreERT2; Igf1rfl/fl female mice were 

treated with tamoxifen (TMX) for five consecutive days at four weeks of age (W4) to induce a postnatal Igf1r gene 

deletion (López et al., 2015). Then, eight- to 10-week-old (W8-10) Igf1rfl/fl and UBC-CreERT2; Igf1rΔ/Δ (CreERT2) 

female mice were intranasally challenged with seven daily consecutive doses of 40 μg of HDM extract in 20 μl of PBS 

(2 mg/ml) or equal volume of PBS. Bone marrow, serum, BALF and lungs were harvested 24 h after last dose on D7. 

(b-c) Representative images and total, neutrophil and eosinophil (red arrowheads) counts in bone marrow (BM) 

cytospin preparations (Scale bar: 10 μm; n = 4 animals per group) and (d-e) serum levels of IL10, IL13, IL33, CCL11 

and IgE (n = 3-6 animals per group) in PBS- or HDM-exposed Igf1r-deficient vs. Igf1fl/fl mice. Data are expressed as 

mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, 

phosphate buffered saline. 

Total and differential cell counts in bone marrow cytospins and measurement of serum levels of 

several cytokines and IgE were performed in Igf1r-deficient and Igf1rfl/fl mice. Total, neutrophil and 

eosinophil counts in bone marrow were found to be diminished in HDM-treated Igf1r-depleted compared 

to Igf1rfl/fl lungs. This phenomenon was also evident within PBS-treated groups. In spite of Igf1rfl/fl mice 

showed increased neutrophil and eosinophil numbers after HDM treatment, Igf1r-deficient mice did not 
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show such an increase (Figure 40b-c). Serum IL33 levels showed only a slight increase in HDM-exposed 

Igf1rfl/fl mice. In addition, IL13, CCL11 and IgE levels were significantly increased in Igf1rfl/fl mice after 

HDM treatment, whereas Igf1r-depleted mice exhibited normal values (Figure 40d-e).  

4.4.3 Preventively-induced Igf1r deficiency reduces inflammation and remodeling features 

Following allergen challenge, Igf1rfl/fl mice demonstrated a significant increase in total BALF cells. 

This effect was less pronounced in Igf1r-deficient mice. HDM-treated Igf1rfl/fl and Igf1r-depleted mice 

showed a marked increase in macrophage, lymphocyte, neutrophil and eosinophil numbers in BALF. 

Notably, Igf1r-deficient mice demonstrated a modest decrease in lymphocyte and neutrophil counts along 

with a pronounced reduction in eosinophil numbers respect to Igf1rfl/fl mice (Figure 41a).  
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Figure 41. Igf1r deficiency decreases airway inflammation and remodeling after HDM exposure. (a) Total and 

differential cell counts performed on cytospin preparations of BALF (n = 8 animals per group) and (b) representative 

images of proximal airways showing inflamed lung areas (left) (scale bar: 0.5 mm); airway thickness (orange bars in 

insets) (center left), mucus-producing cells per epithelium length (red arrowheads in insets) (center right) and 

collagen content (right) (scale bars: 50 μm; n = 5-6 animals per group) in PBS- or HDM-exposed Igf1r-deficient vs. 

Igf1fl/fl mice. Bottom graphs represent quantification of the abovementioned parameters. Data are expressed as mean 

± SEM *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). H&E, Hematoxilin and eosin; PAS, 

Periodic Acid Schiff; AW, airway; HDM, house dust mite; PBS, phosphate buffered saline. 

Inflamed lung area, number of PAS+ cells, collagen staining and airway thickness were notably 

decreased in lungs from HDM-treated Igf1r-deficient mice compared to lungs from Igf1rfl/fl mice. Whereas 

HDM induced airway thickening in Igf1rfl/fl mice, this phenomenon was not observed in Igf1r-depleted 

lungs (Figure 41b). 

4.4.4 Preventively-induced Igf1r deficiency involves changes in expression of IGF system genes and 

reduces allergy-related marker levels 

As a complement to the BALF and histopathology analyses, a molecular analysis of IGF system 

genes and allergic inflammation and remodeling markers was performed (Figure 42). mRNA expression 

profiles demonstrated an efficient depletion of Igf1r levels with Igf1r-deficient PBS- and HDM-treated 

mice showing a reduction of 84% and 67% respectively. HDM treatment increased Igf1r expression in 

Igf1rfl/fl (17%) and Igf1r-depleted (2-fold) lungs. Igf1 levels were significantly increased in Igf1r-deficient 

PBS- or HDM-treated mice. This effect was augmented in HDM-challenged animals. In addition, HDM 

treatment increased Insr, Igfbp3 and Igfbp5 levels in Igf1r-deficient lungs.  Igfbp3 expression was 

decreased in both genotypes (Figure 42a). mRNA levels of all allergic airway inflammation- and 

remodeling-related markers tested, with the exception of IL5, were strongly induced by HDM and reduced 

in Igf1r-deficient mice, except Cd4 levels (Figure 42b-c). The goblet cell hyperplasia marker Spdef was 

also evaluated and found to be significantly decreased in Igf1r-deficient HDM-exposed lungs (data not 

shown, 2-fold reduction). Protein levels of IL13, IL33, and CCL11 were consistent with the mRNA 

expression profiles. IL10 levels were only increased in HDM-treated Igf1rfl/fl lungs (Figure 42d).  
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Figure 42. Expression of IGF genes and airway inflammation and remodeling markers in HDM-exposed Igf1r-deficient 

lungs. Lung tissue mRNA expression levels of (a) IGF-system genes (Igf1r, Igf1, Insr, Igfbp3 and Igfbp5); (b) dendritic 

cell activator (Il33), T-lymphocyte marker (Cd4), Th2 cytokines (Il4, Il5 and Il13), eosinophil (Ccl11), macrophage 

(Ccl2) and neutrophil (Cxcl1) chemoattractants and Th1 cytokines (Tnf and Il1b); (c) bronchoconstriction (Acta2 and 

Ptgs2), goblet cell hyperplasia (Foxm1 and Muc5ac) and collagen deposition (Col1a1) markers, and (d) IL10, IL13, 

IL33 and CCL11 protein levels in lung homogenates in PBS- and HDM-exposed Igf1r-deficient and Igf1fl/fl mice. Data 

are expressed as mean ± SEM (n = 5-6 animals per group). *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple 

comparison test). HDM, house dust mite; PBS, phosphate buffered saline. 
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4.4.5 Therapeutic Igf1r-gene targeting reduces circulating IL33, CCL11 and IgE levels, inflammation 

and remodeling features 

Igf1r-deficiency was therapeutically induced in mice to evaluate the resolution of airway 

inflammation following HDM exposure (Figure 43a). Therapeutic Igf1r-gene targeting after TMX 

administration significantly decreased IL33 and CCL11 serum levels in CreERT2 compared to non-TMX-

treated mice, whereas IL10 and IL13 levels remained unchanged. Igf1r depletion significantly reduced 

IL13, IL33, CCL11 and IgE levels at D14 with respect to Igf1rfl/fl TMX-treated animals. Interestingly, IL10 

and IL13 serum levels increased from D7 to D14 in Igf1rfl/fl mice (Figure 43b-c).  

 

Figure 43. Protocol for therapeutic induction of Igf1r deficiency, HDM treatment and circulating levels of allergy-

related markers. (a) Eight- to 10-week-old (W8-10) Igf1rfl/fl and UBC-CreERT2; Igf1rfl/fl female mice were intranasally 

challenged with seven (first set of animals non-treated with TMX and sacrificed at D7) or fourteen (second set of 

animals receiving five consecutive intraperitoneal TMX injections between D7 and D11 to induce Igf1r deletion in 

UBC-CreERT2; Igf1rfl/fl mice to generate CreERT2 mice) daily consecutive doses of 40 μg of HDM extract in 20 μl of PBS 

(2 mg/ml). Serum, BALF and lungs were collected 24 h after the last exposure. (b-c) Serum levels of IL10, IL13, IL33, 

CCL11 and IgE (n = 3-4 animals per group) in HDM-exposed CreERT2 vs. Igf1fl/fl mice after the TMX treatment (D14) 

(+ TMX). Note that the CreERT2 term used at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Data are expressed as 

mean ± SEM. *p<0.05; **p<0.01 (Mann-Whitney U and Dunn-Sidak multiple comparison tests). HDM, house dust mite; 

PBS, phosphate buffered saline; TMX, tamoxifen. 

Total cells in BALF were found to be increased in Igf1rfl/fl at D14 and substantially reduced in 

CreERT2 animals following TMX administration. This effect was attributed primarily to changes in 

neutrophil and eosinophil counts, since macrophage and lymphocyte numbers remained unchanged 

(Figure 44a).  
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Figure 44. Therapeutic targeting of Igf1r reduces airway inflammation and remodeling features after HDM 

exposure. (a) Total and differential cell counts performed on cytospin preparations of BALF (n = 4-5 animals per 

group). (b) Representative images of proximal airways showing inflamed lung areas (left) (scale bar: 0.5 mm) and 

airway thickness (orange bars in insets) (center left), mucus-producing cells per epithelium length (red arrowheads in 

insets) (center right) and collagen content (right) (scale bars: 50 μm) in HDM-exposed CreERT2 vs. Igf1fl/fl mice non-

treated with TMX (D7) (- TMX) or after the TMX treatment (D14) (+ TMX). Note that the CreERT2 term used at D7       

(- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Bottom graphs represent quantification of the abovementioned 

parameters (n= 5 animals per group). Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak 

multiple comparison test). H&E, Hematoxilin and eosin; PAS, Periodic Acid Schiff; AW, airway; HDM, house dust mite; 

PBS, phosphate buffered saline; TMX, tamoxifen. 
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Inflamed lung area, airway thickness, PAS+ cell numbers and collagen staining were clearly 

counteracted in CreERT2 lungs after TMX administration compared to CreERT2 non-TMX- and Igf1rfl/fl 

TMX-treated mice (Figure 44b). 

4.4.6 Therapeutic targeting of Igf1r diminishes expression of allergic inflammation and remodeling-

related markers, and circulating IL33 and CCL11 levels 

Following TMX administration, Igf1r mRNA expression was found to be significantly reduced in 

CreERT2 mice compared to Igf1rfl/fl (85%) and CreERT2 non-TMX-treated mice (88%) (Figure 45a).  
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Figure 45. Therapeutic Igf1r-gene targeting diminishes expression of airway inflammation and remodeling-related 

markers after HDM exposure. Lung tissue mRNA expression levels of (a) Insulin-like growth factor 1 receptor (Igf1r), 

dendritic cell activator (Il33), T-lymphocyte marker (Cd4), Th2 cytokines (Il4 and Il13), eosinophil (Ccl11), 

macrophage (Ccl2) and neutrophil (Cxcl1) chemoattractants and Th1 cytokines (Tnf and Il1b) and (b) 

bronchoconstriction (Acta2 and Ptgs2), goblet cell hyperplasia (Scgb1a1 and Muc5ac) and collagen deposition 

(Col1a1) markers, and (c) IL33, IL10, IL13 and CCL11 protein levels in lung homogenates (n = 3-5 animals per group). 

Quantifications were performed in HDM-exposed CreERT2 vs. Igf1fl/fl mice non-treated with TMX (D7) (- TMX) or after 

the TMX treatment (D14) (+ TMX). Note that the CreERT2 term used at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl 

mice. Data are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, 

house dust mite; PBS, phosphate buffered saline; TMX, tamoxifen. 

On the other hand, mRNA levels of the allergic airway inflammation- and remodeling-related 

markers demonstrated a significant reduction in CreERT2 compared to Igf1rfl/fl and CreERT2 non-TMX-

treated mice following TMX treatment. Ccl2 expression was only found reduced in Igf1r-deficient mice 

compared to CreERT2 TMX-untreated animals (Figure 45a-b). Analysis of IL13, IL33 and CCL11 protein 

levels in lung homogenates supported mRNA data and IL10 levels were found to be significantly 

decreased in CreERT2 mice after TMX administration (Figure 45c).  
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5   DISCUSSION   
Firstly, UBC-CreERT2; Igf1rΔ/Δ (CreERT2) mutant mice were generated to analyze the differential 

organ phenotypes after a postnatal generalized Igf1r conditional deletion. Notably, UBC-CreERT2; Igf1rfl/fl 

mice efficiently delete Igf1r upon postnatal tamoxifen administration in multiple mouse organs. From this 

study it was concluded that CreERT2 mice have advantages over conventional Igf1r knockout mice, such 

as avoiding the perinatal lethality and preventing possible cascades of compensatory responses occurring 

during early development, which can complicate interpretation of the phenotype, and that IGF1R function 

is highly dependent on cell, tissue and organ type.  

Hereafter, it was studied the functional implication of IGF1R in acute lung inflammation using a 

BLM mouse model. First, the lung transcriptome was analyzed in unchallenged CreERT2 mutants. In 

general terms, CreERT2 mice showed decreased expression of genes related to transcriptional regulation 

and differentially expressed genes with potentially protective roles related to epigenetics, redox and 

oxidative stress. Noteworthy, since CreERT2 mice showed resistance to BLM-mediated acute lung injury 

by counteracting lung inflammation and alveolar damage, IGF1R may then be considered as an important 

player in murine acute lung inflammation.  

On the other hand, it was studied the implication of IGF1R on airway hyperreactivity and mucus 

secretion in a chronic HDM model of asthma. Thus, CreERT2 mutant mice showed reduced allergic airway 

inflammation and remodeling, mucus production and AHR after chronic HDM exposure. Additionally, the 

study of allergy dynamics in inbred C57BL/6 after acute HDM-induced allergy, showed a progressive 

increase in allergic airway inflammation. Moreover, preventively-induced Igf1r-deficiency ameliorates 

typical asthmatic features following acute HDM treatment and the therapeutic targeting of Igf1r promotes 

the resolution of established allergic airway inflammation in CreERT2 mice. In conclusion, these results 

demonstrate that IGF1R plays a key role in murine HDM-induced allergic airway inflammation. 

5.1 Differential organ phenotypes after postnatal Igf1r gene 

conditional deletion induced by tamoxifen in UBC-CreERT2; Igf1rfl/fl 

double transgenic mice (Paper I) 
In an attempt to elude the sex effects caused by endogenous estrogens present in females, which 

could nonspecifically activate the CreERT2 fusion protein prior to TMX administration, males were 

exclusively analyzed in this study. Preliminary observations made in Igf1r conditional mutant females 

preclude that they also are growth deficient, although to a lesser extent than males. Accordingly, female 

mice were reported to show lesser postnatal growth deficit than males in case of IGF1R deficiency 

(Holzenberger et al., 2000; Holzenberger et al., 2001).  

As expected, Igf1r conditional mutants showed growth retardation that affected various tissues to 

different degrees. Thus, diverse IGF1R-deficient mice were described with growth deficit during both 

embryonic and postnatal development (Baker et al., 1993; Holzenberger et al., 2001), and total knockout 

mice for IGF genes demonstrated that lung, muscle, skeleton and skin are more dependent on IGFs than 

other organs during embryonic development (Fernandez-Moreno et al., 2004; Liu et al., 1993; Pichel et al., 
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2003). Postnatally, IGF1/IGF1R signaling deficiency was described to differentially reduce adipose and 

cochlear growth (Camarero et al., 2001; Holzenberger et al., 2001; Kloting et al., 2008). Increased organ to 

body weight ratios in spleen and heart found in CreERT2 mutants coincide with data collected by Wang et 

al. (1999) when analyzing IGF1-deficient mice, and reduced testis size was also described in mice with an 

Igf1r conditional deletion in Sertoli cells (Pitetti et al., 2013). Body parts that highly contribute to total 

mouse weight (e.g. muscle, skeleton, skin, and adipose tissue), and whose growth is heavily dependent on 

IGFs, were not measured in the mutants, but their growth deficit would possibly explain whole mice 

delayed growth. Surprisingly, changes in lung weight of CreERT2 mutants were not found, even though 

both prenatal and postnatal growth of this organ was extensively described to be highly dependent on IGF 

signaling (Epaud et al., 2012; Liu et al., 1993; Moreno-Barriuso et al., 2006; Pais et al., 2013; Wang et al., 

1999). This discrepancy could be attributed either to differences in the mouse model or timing of tissue 

analyses in each study. 

PCR assays of genomic DNA from TMX-treated UBC-CreERT2; Igf1rfl/fl mice showed the Igf1r 

deletion in all tissues analyzed. However, the presence in all samples of faint bands corresponding in size 

with the floxed (Igf1rfl) allele precluded a certain level of mosaicism. Furthermore, the low intensity of the 

floxed bands, compared with the heavy intensity shown by the deleted (Igf1rΔ) bands, may not reflect the 

real proportion of cells with a total Igf1r knockout. Actually, generation of the deleted allele amplicon 

would be highly favored in the amplification reaction due to its shorter size (491 bp vs. 1300 bp of the 

Igf1rfl allele), and because it only contains one loxP site (in contrast, the Igf1rfl allele contains two). It has 

been proposed that loxP sites could interfere with PCR amplification caused by secondary structures 

formed within the DNA (Feil et al., 2009; Ikeno et al., 2012; Liu et al., 1998). In addition, it is possible that a 

portion of cells may have suffered the deletion in only one of the Igf1rfl alleles resulting in heterozygosis of 

the Igf1r locus. 

The efficiency of TMX-mediated Igf1r deletion occurs with different degrees of mosaicism as 

revealed by different technical assays. It varies between mice, even in the same organ, as demonstrated by 

PCR analysis of genomic DNA; among organs, as reflected by qRT-PCR quantitation of Igf1r mRNA 

expression; and even in tissue areas or cell types within the same organ, as shown by immuno-staining for 

IGF1R. Although the ultimate reason for Igf1r differential recombination efficiency remains to be 

determined, it could be attributed to experimental variability, differential tissue access of TMX, varying 

levels of UBC-CreERT2 transgene expression in adult tissues, or even to differential accessibility of Cre to 

loxP targets due to alternative chromatin conformations (Birling et al., 2009; Kellendonk et al., 1999). 

Despite mosaicism, Igf1r mRNA expression was significantly reduced in all tissues analyzed, 

ranging from 81% in kidney to 47% in spleen. Accordingly, Ruzankina et al, (2007) described variable 

efficiency of UBC-CreERT2 transgenic mice in deleting a floxed form of the Atr gene, although they claim 

recombination efficiencies higher than 70%. However, in their experimental set up, Cre only needed to 

excise one of the Atr floxed alleles, since the other one was already a null variant (Ruzankina et al., 2007), 

while in UBC-CreERT2; Igf1rfl/fl mice, two recombination events are needed to delete both of the Igf1rfl 

alleles. Since the recombinase is only transiently active during the TMX induction period (Feil et al., 2009), 

this requirement could reduce the efficiency in generating Igf1r knockout cells. Furthermore, the Cre 
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recombination yield obtained with a particular gene or tissue is not predictable. Indeed, the chromatin 

structure at the locus of interest, the state of DNA methylation and its transcriptional activity seem to 

affect Cre efficiency (Birling et al., 2009; Vooijs et al., 2001). The discrepancies found in certain organs in 

the reduction of IGF1R between mRNA (qRT-PCR) and protein (immuno-staining) levels could be due to 

aberrant molecules of mRNA generated by alternative splicing bypassing the deletion of exon 3 in the 

Igf1r gene. These mRNA forms can be detected by qRT-PCR, but not translated into IGF1R functional 

protein (Kloting et al., 2008).  

Decreased levels of IGF1R in UBC-CreERT2; Igf1rfl/fl TMX-treated males resulted in diverse organ 

phenotypes, again corroborating differential organ susceptibility to IGF1R signaling. The testes were the 

most affected organ, showing a strong reduction in germ cell content and spermatogenesis progression, 

which would explain their growth deficit. Since similar phenotypes were previously described in mice 

with a conditional deletion of Igf1r in Sertoli cells, results from the present study help emphasize the 

essential role of this receptor in mediating cell signaling in the aforementioned testicular cells (Froment et 

al., 2007; Pitetti et al., 2013). Histological changes were also found in liver and alveolar lung parenchyma, 

perceived as abundant mitotic figures in the liver and increased cell density in alveolar areas, most 

probably a consequence of their increased proliferation rates. In addition, morphological changes in lung 

epithelial cells of the terminal bronchioles could be a result of alterations in differentiation of Clara cells, 

which are highly abundant in terminal airways and express prominent levels of IGF1R (Morrisey and 

Hogan 2010; Pais et al., 2013). Accordingly, lack of IGF1 and IGF1R was reported to promote cell 

proliferation and to alter epithelial differentiation not only in the lung (Epaud et al., 2012; Liu et al., 1993; 

Moreno-Barriuso et al., 2006; Pais et al., 2013), but also in the prostate (Sutherland et al., 2008). However, 

the increased cell proliferation rates found in the liver of IGF1R in CreERT2 mutants contrast with 

impaired proliferation rates reported in mice deprived of Igf1r in hepatocytes (Desbois-Mouthon et al., 

2006), a discrepancy that might be attributed to a differential Igf1r conditional deletion in distinct hepatic 

cell types. Notwithstanding the prominent hepatic and alveolar parenchymal cell proliferation found in 

the Igf1r conditional mutants, without affecting total organ weight or liver cell density, apoptotic rates in 

these organs were in the basal range (White et al., 2012; Zhu et al., 2009). In accordance, hypoplasic 

prenatal lungs of IGF1-deficient mice have also been reported to be highly proliferative without changes in 

apoptosis (Pais et al., 2013). In any case, understanding the kinetics of cell death in each model system is 

critical, and proper timing of the experimental design may be crucial to identify apoptosis (Elmore 2007). 

Finally, a group of organs, including kidney, spleen and cochlea, did not show evident histological 

alterations, which would support a less crucial IGF1R functional implication in these organs. However, it is 

well known that inner ear development is highly dependent on IGF signaling, mainly during postnatal 

cochlear maturation (Camarero et al., 2001; Okano et al., 2011). It would be of interest to analyze the 

cochlea of CreERT2 mutants at later developmental stages to see if decreased levels of IGF1R predispose 

mice to hearing-loss with aging, as previously stated (Riquelme et al., 2010).  

From this study it can be concluded that CreERT2 mutants are a useful model for studying a 

generalized functional deficit of IGF1R during postnatal development. They have advantages over 

conventional Igf1r knockout mice, such as avoiding the perinatal lethality and preventing possible 
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cascades of compensatory responses occurring during early development, which can complicate 

interpretation of the phenotype. In a sense, they could be considered an acute model of postnatal IGF1R 

deficit, contrasting with the total Igf1r knockout model that would better serve as a chronic model. In any 

case, conditional mutations are more informative if they can be induced at will at a chosen time during the 

life of the animal. Furthermore, a temporally controlled Cre/lox system would allow one to limit 

unwanted Cre activity and associated side effects, such as ectopic recombination due to transient Cre 

expression during development or potential toxic effects due to prolonged high levels of Cre activity (Feil 

2007). Knowing that CreERT2 mutants respond well to TMX treatment, alternative experimental set ups 

will be easy to plan by changing the timing of TMX administration, either at early or later postnatal stages, 

or even during embryogenesis (Feil et al., 2009), and they could easily offer additional perspectives for the 

in vivo study of IGF1R signaling. Longitudinal studies on organs of these mice could serve to study IGF-

signaling disorders associated with aging (e.g. in the inner ear (Riquelme et al., 2010)) or in long-term 

progression diseases, like cancer or fibrosis. 

5.2 IGF1R deficiency attenuates acute inflammatory response in a 

BLM-induced lung injury mouse model (Paper II) 
Lung transcriptome analysis of CreERT2 mice demonstrated a general inhibition of differentially 

expressed genes, as similarly reported in prenatal Igf1-deficient lungs (Pais et al., 2013). H1 histones 

Hist1h1d and Hist1h2bb, as well as Hist1h4m and Hist1h1a (Table 3) were found to be up-regulated in 

CreERT2 lungs. In this regard, it is widely known that H1 histones participate in chromatin condensation 

therefore repressing gene expression (Happel and Doenecke 2009; Harshman et al., 2013). Additionally, 

the histone acetyltransferases Crebbp and Ep300, both transcriptional co-activators, were found down-

regulated in IGF1R-deficient lungs. In an inflammatory context, CREBBP and EP300 were reported to 

activate NF-κB-mediated pro-inflammatory gene expression in response to oxidative stress (Bayarsaihan 

et al., 2011; Happel and Doenecke 2009; Rajendrasozhan et al., 2009). Thus, increased H1 histone together 

with lower acetyltransferase expression would result in a more condensed chromatin state, less accessible 

to transcription factors. Furthermore, the lower expression observed for mitochondrial respiratory chain 

complexes I (mt-Nd4, mt-Nd5 and mt-Nd6) and III (mt-Cytb) genes (Table 3) could result in decreased 

electron transport chain activity and consequently, in a reduction of reactive oxygen species production, 

since these complexes were reported to govern the response to hypoxia (Holzerova and Prokisch 2015; 

Schumacker et al., 2014). In parallel, Gpx8 and Cyp1a1, both involved in alleviating oxidative stress and 

inflammation (Lingappan et al., 2014; Yamada et al., 2012), were the two most up-regulated genes. 

Overall, these results indicate that IGF1R deficiency could potentially be associated with a higher capacity 

to endure oxidant-induced injury. 

After BLM treatment CreERT2 mice showed improved survival. Similar results were observed in 

acute lung injury mouse models with compromised IGF1R activity (Ahamed et al., 2005; Choi et al., 2009). 

Moreover, IGF1R-deficient lungs showed increased Igfbp3, Igfbp5, Insr and Foxo1 levels after BLM 

challenge, possibly due to compensatory effects in response to IGF1R deficiency, as reported (Buck et al., 
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2010; López et al., 2016). Specifically, IGFBP3 and IGFBP5 have shown protective properties in the mouse 

lung (Alami et al., 2008; Lee et al., 2011; Vijayan et al., 2013). 

Remarkably, CreERT2 mice showed decreased total proteins in BALF, an indicator of reduced 

vascular permeability. This finding together with diminished erythrocyte counts are in accordance with 

the lower vascular extravasation reported in hypomorphic IGF1R-deficient mice (Ahamed et al., 2005). 

Furthermore, the decreased presence of different inflammatory cell types in CreERT2 lungs was reflected 

in BALF cell counts, and supported by reduced proliferation in perivascular and alveolar areas. 

Diminished Cxcl1 and Ly6g mRNA levels were verified by reduced neutrophilic infiltration into CreERT2 

lungs. Considering that normal neutrophil bone marrow counts in mice are around 36.9% (Yang et al., 

2013), BLM clearly induced bone marrow neutrophilopoiesis in Igf1rfl/fl (54.25%) mice, unlike in IGF1R-

deficient mice (25.44%). Similarly, pharmacological IGF1R blocking was recently reported to decrease the 

number of peripheral white blood cells (Moody et al., 2014; Osorio et al., 2016). Altogether, these results 

demonstrate that the lack of IGF1R efficiently counteracts the acute BLM-induced neutrophilia, a major 

inflammatory player in this model. 

Concerning TNF and Il1b, CreERT2 lungs showed decreased expression of these cytokines, the most 

relevant in the lung during the early phase of BLM response (Cavarra et al., 2004; Grommes et al., 2011). 

Accordingly, PREX1, an IGF1R signaling activator, has been shown to have a pro-inflammatory role after 

BLM treatment, and Prex1-deficient mice mirrored the pro-inflammatory profile shown by IGF1R-

deficient mice at D3 (Liang et al., 2016). In addition, activation of the IGF1R/PI3K/AKT/mTOR signaling 

pathway was reported to promote lung injury and repair (Hu et al., 2016; Kral et al., 2016), and IGF1R 

signaling promotes TNF-induced activation of NF-kB, a major pathway involved in inflammation (Li et al., 

2015). Likewise, IGF1R plays an important role in initiation of the inflammatory process, as ablation of the 

macrophage IGF1/IGF1R signaling axis in mice inhibits the NLRP3 inflammasome, a protein complex 

triggered in the lung upon BLM-induced damage (Gasse et al., 2009; Spadaro et al., 2016). During 

inflammation, while M1 macrophages contribute to tissue injury after excessive production of pro-

inflammatory mediators (e.g., TNF and IL1), M2 macrophages lead to resolution of inflammation and 

tissue repair upon anti-inflammatory cytokine activation (e.g., IL13 and CSF1) (Laskin et al., 2011; Reales-

Calderón et al., 2014). In this regard, both diminished expression of Tnf, Il1b and Il6 as well as elevated 

levels of Csf1, Il13 and Cd209a found in CreERT2 lungs would promote a pulmonary environment enriched 

in M2 macrophages. Noteworthy, IL13 was reported to protect against acute hyperoxic lung injury and 

Cd209a expression was found to be increased in the resolution-phase macrophages after peritonitis 

induction in mice (Corne et al., 2000; Stables et al., 2011). Altogether, these data support the idea that 

IGF1R deficiency would facilitate dampening of innate/adaptive immunity and resolution of inflammation. 

Following BLM-induced lung injury, increased expression of the alveolar markers Aqp5 and SFTPC 

was found in CreERT2 lungs. Accordingly, AQP5 expression was reported to be decreased in BLM-

challenged lungs (Gao et al., 2013), and its reduced levels were shown to contribute to abnormal fluid 

fluxes during pulmonary inflammation in mice (Towne et al., 2000). In addition, SFTPC-deficient mice had 

increased mouse mortality, neutrophilic inflammation, and alveolar damage following BLM treatment 

(Lawson et al., 2005). In line with results from this study, Sfptc mRNA levels were also found to be 
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increased in CreERT2 lungs after allergic airway inflammation (Piñeiro-Hermida et al., 2017a). Thus, it 

appears that IGF1R deficiency confers a protective role against alveolar damage.  

As a master transcriptional regulator of the adaptive response to hypoxia, HIF1A uses CREBBP and 

EP300 as transcriptional co-activators. Thus, decreased Crebbp and Ep300 transcriptional levels in non-

challenged CreERT2 lungs could contribute to HIF1A reduced expression after BLM challenge. In 

accordance, alveolar type 2 cell-specific Hif1a knockout mice demonstrated milder pulmonary 

inflammation (Suresh et al., 2014), supporting that HIF1A could play an important role in acute lung 

inflammation. 

Although a significant reduction of IGF1R expression was observed in CreERT2 lungs, TMX-

mediated IGF1R deletion may occur with different degrees of mosaicism in different cell types. Thus, 

IGF1R generalized deletion cannot be used to deduce in which cells IGF1R signaling is crucial for 

promoting acute lung inflammation. Furthermore, the variability of intratracheal administration of BLM 

and the effect of the genetic background on phenotypic variations should also be considered as important 

constraints to this study.  

5.3 Attenuated airway hyperresponsiveness and mucus secretion in 

HDM-exposed IGF1R-deficient mice (Paper III) 
IGF1R-deficient mice are bred from a C57BL/6 genetic background, which usually do not display 

strong airway inflammation or AHR in response to allergen challenge (Safholm et al., 2011; Swedin et al., 

2010). To overcome this constraint, a specific protocol using repetitive exposures to HDM during four 

weeks was used to induce AHR. HDM exposure decreased the IGF1R levels in Igf1rfl/fl mice similarly to 

those observed in the CreERT2 animals. Although the mechanism behind this unexpected reduction is 

unknown, it could be a long-term effect occurring after tissue remodeling has been established. In 

addition, an increased expression of other IGF system genes was also observed in CreERT2 mutant lungs. 

The upregulation of Igf1, Insr, Igfbp3, and Igfbp5 in PBS-exposed mice is possibly a compensatory effect in 

response to IGF1R deficiency, as previously reported in lungs from mice with compromised Igf1r signaling 

in the respiratory epithelium (López et al., 2016). Accordingly, it has been previously reported that 

exogenous IGFBP3 and IGFBP5 administration blocks physiological consequences of asthma in OVA-

challenged mice and enhances epithelial cell adhesion to maintain the epithelial-mesenchymal boundary 

(Kim et al., 2012b; Lee et al., 2011; Vijayan et al., 2013). Thus, Igfbp3 and Igfbp5 could mediate protective 

properties against HDM-mediated allergic inflammation. 

A marked increase in AHR was found in both the proximal and distal parts of Igf1rfl/fl mice after 

HDM exposure, as has been reported in mice subjected to a similar allergenic challenge (Piyasada et al., 

2016; van der Velden et al., 2014). The repeated exposure of mice to HDM also increased total cell number 

in BALF as well as airway remodeling parameters such as cell hyperplasia, collagen deposition, smooth 

muscle cells, and mucus production, all findings previously reported (Fattouh et al., 2011). Furthermore, 

increases in airway thickness, serum total IgE, and lung IL13 levels similar to those observed herein have 

also been reported elsewhere (Piyasada et al., 2016; Post et al., 2014; Tomlinson et al., 2010). All of these 
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features were reflected in Igf1rfl/fl HDM-challenged lungs and support the effectiveness of HDM 

sensitization protocol. 

Interestingly, the HDM-induced effects for several of measured parameters decreased in the 

CreERT2 mice. In particular, AHR was not found in the IGF1R-deficient mice. AHR is considered to be 

dependent on several features, such as remodeling and mucus production (Busse 2010; Evans et al., 

2015). These features were all found decreased, albeit not totally normalized in the CreERT2 IGF1R-

deficient mice. On this basis, it was recently reported that IGF1R plays an important role in the initiation 

of the inflammatory process (Spadaro et al., 2016) and that IGF1R signaling promotes activation of the NF-

kB pathway, a critical regulator of immune responses orchestrating HDM-induced airway inflammation, 

AHR, and fibrotic remodeling (Li et al., 2015; Tully et al., 2013). In a lung fibrosis model, it was reported 

that IGF1R blockade decreased α-SMA protein expression and collagen content in bleomycin-injured mice 

(Choi et al., 2009; Hung et al., 2013). Blockade of IL13 activity after chronic HDM sensitization has been 

shown to reduce eosinophilia in BALF, peribronchial collagen, and goblet cell hyperplasia, findings that 

are in accordance with unaltered IL13 levels by HDM exposure in CreERT2 mutant lungs (Tomlinson et al., 

2010).  

Whereas HDM caused a clear increase in eosinophils in blood and BALF of Igf1rfl/fl mice, their levels 

remained close to basal in CreERT2 IGF1R-deficient mice. It has been previously shown that IGF1R 

deregulation decreases the number of peripheral white blood cells, thus providing evidence implicating 

IGF1R in promoting bone marrow myeloid cell generation (Moody et al., 2014; Osorio et al., 2016). The 

reduced eosinophil counts observed in blood and BALF from CreERT2 mutant mice led us to speculate that 

IGF1R could have an important role in proliferation and/or differentiation of myeloid progenitors and 

their recruitment to the lung, especially with respect to eosinophils. Further studies are needed to confirm 

this hypothesis. 

The reduced proportion of club cells found in distal airways of CreERT2 mutant lungs is in 

accordance with a recent study in which it was demonstrated that a lung epithelial-specific Igf1r 

deficiency in mice caused delayed differentiation of club cells in terminal bronchioles (López et al., 2016). 

In response to allergen stimulation, club cells differentiate into goblet cells through transcriptional 

activation of the master regulator Spdef. Subsequently, the increase in MUC5AC expression through 

transcriptional activation of SPDEF in goblet cells contributes to both goblet cell hyperplasia and mucus 

hyperproduction (Chen et al., 2009; Ren et al., 2013). In this context, delayed club cell differentiation in 

CreERT2 airways may result in decreased transdifferentiation into goblet cells, with a concomitant 

reduction in goblet cell hyperplasia and mucus production. In accordance with depleted Spdef and 

MUC5AC expression in CreERT2 mice, Spdef-deficient mice showed an improved lung function as well as a 

reduced number of BALF eosinophils, and targeted silencing of SPDEF in airway epithelial cells in vitro 

reduces MUC5AC expression (Rajavelu et al., 2015; Song et al., 2015). Furthermore, Muc5ac deficiency in 

mice abolishes AHR and inflammation (Evans et al., 2015; Koeppen et al., 2013). As such, a reduction in 

mucus production may contribute to the improved lung function in CreERT2 mutant mice observed in this 

study. It has also been demonstrated that IL13 stimulation of human airway epithelial cells induced 

MUC5AC expression (Gomperts et al., 2007). Together, these findings support a role for IGF1R in lung 
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airway epithelium transdifferentiation to the mucosecretory cell fate during chronic allergic airway 

inflammation. 

Pulmonary surfactant proteins are essential for lung function and homeostasis after birth (Whitsett 

et al., 2010). While surfactant proteins B and C showed a critical role in the preservation of lung function, 

the immunomodulatory proteins A and D were reported to play an important role during allergic airway 

inflammation (Glasser et al., 2013; Ikegami et al., 2005; Ledford et al., 2012; Ogawa et al., 2014). In this 

study it was also observed that IGF1R deficiency causes a general increase in surfactant expression basally 

and after the HDM challenge. On this basis, it can be concluded that increased expression of surfactant 

markers improves lung function of CreERT2 mice and also is important for maintenance of homeostasis in 

the lung. 

Although little is known about the role of IGFs in patients with asthma, previous reports in humans 

support data found in mice. Thus, corticosteroid treatment in asthma can reduce the lamina reticular 

thickness by reduction of IGF1 expression with consequent inhibition of the airway infiltration by 

inflammatory cells and therefore help to prevent remodeling of the airways (Hoshino et al., 1998). 

Moreover, IGFBP3 secreted by IGF1-stimulated airway epithelial cells during allergic inflammation was 

suggested to be involved in allergic airway remodeling (Veraldi et al., 2009). Considering that there are no 

effective therapies available to prevent asthma, targeting IGF signaling can be an attractive therapeutic 

strategy. Actually, treatment to inhibit the IGF1 action in cancer has been performed but did not show a 

uniform benefit among patients (Belfiore et al., 2009). Conversely, targeting IGF1R, which is currently 

being exhaustively evaluated in clinical trials for oncologic patients (Iams et al., 2015), could be 

emphasized as an approach for the treatment of asthma. 

5.4 Characterization of the acute inflammatory profile and resolution 

of airway inflammation after Igf1r-gene targeting in a murine model of 

HDM-induced asthma (Paper IV) 
Noteworthy, very few studies have reported the acute effects after HDM exposure in mice. In this 

regard, total and eosinophil counts in BALF and IL13 expression in the lung were found significantly 

increased one week after repetitive intranasal HDM exposure in mice (Gregory et al., 2009). Furthermore, 

total and differential BALF cell counts, peribronchial inflammation and goblet cell hyperplasia were 

notably increased after 10 consecutive days of intranasal HDM challenge in mice (Cates et al., 2004). In the 

present study acute HDM exposure in inbred C57BL/6 mice demonstrated a progressive increase in 

inflammatory cells in BALF, airway remodeling and mRNA expression of allergic airway inflammation and 

remodeling markers up to D7. Consistent with increased Il33 expression it was previously reported that 

IL33, but not TSLP or IL25, is central to HDM allergic sensitization (Chu et al., 2013). 

Preventive induction of Igf1r deficiency in PBS-treated mice led to similar Igf1r-depleted 

expression to that observed in unchallenged mice of similar age (Piñeiro-Hermida et al., 2017a). In 

addition, Igf1r and Igf1 levels increased after HDM exposure. Accordingly, IGF1R and IGF1 expression was 

found to be increased in BAL cells and bronchial biopsies of asthmatic patients (Esnault et al., 2013; 

Hoshino et al., 1998). The upregulation of Igf1 in PBS-treated Igf1r-depleted mice or Igf1 and Insr by HDM 
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was possibly due to compensatory effects in response to Igf1r deficiency (Piñeiro-Hermida et al., 2017a). 

Regarding increased Igfbp3 and Igfbp5 levels in HDM-treated Igf1r-deficient mice, exogenous IGFBP3 and 

IGFBP5 administration blocks the physiological consequences of asthma and enhances epithelial cell 

adhesion to maintain the epithelial-mesenchymal boundary (Kim et al., 2012b; Lee et al., 2011; Vijayan et 

al., 2013). From these data it can be concluded that both Igf1r and Igf1 may be important mediators in the 

establishment of murine asthma, and that Igfpb3 and Igfpb5 could play protective roles against HDM-

induced allergic inflammation.  

Whereas acute HDM treatment caused a clear increase in eosinophil and neutrophil numbers in the bone 

marrow of Igf1rfl/fl mice, their levels remained close to basal after preventively-induced Igf1r deficiency. In 

this regard, t was recently published a selective decrease in circulating eosinophils after chronic HDM 

exposure and reduced neutrophil numbers after acute-induced lung injury in the same mutant mouse line 

(Piñeiro-Hermida et al., 2017a; Piñeiro-Hermida et al., 2017b). Thus, IGF1R could have an important role 

in bone marrow mielopoiesis after HDM-induced allergy. 

Following HDM challenge, decreased total and eosinophil counts in BALF and reduced asthmatic 

features after preventively-induced Igf1r deficiency are consistent with published data on IGF1R-deficient 

mice after chronic HDM exposure (Piñeiro-Hermida et al., 2017a). Notably, neutrophil and eosinophil 

presence in BALF and asthma-related features were counteracted in a similar manner in HDM-treated 

mice following therapeutic targeting of Igf1r. 

IGF1R plays an important role in initiation of the inflammatory process, since IGF1R deficient mice 

showed reduced Il1b and Tnf expression (Piñeiro-Hermida et al., 2017b). This is consistent with the 

decreased expression of Il1b and Tnf either after preventive or therapeutic-induced Igf1r deficiency. In 

this regard, it was reported that both IL1B and TNF are required for allergen-specific Th2 cell activation 

and for the development of AHR in mice (Nakae et al., 2003; Nakae et al., 2007). Accordingly, IGF1R-

deficient mice exhibited no AHR after chronic HDM exposure (Piñeiro-Hermida et al., 2017a).  

Lung inflammation in asthma is typically orchestrated by activation of innate immune cells 

followed by an exacerbated Th2-biased inflammation and synthesis of allergen-specific IgE antibody, 

which initiates the release of inflammatory mediators from immune cells (Busse and Lemanske 2001; 

Jacquet 2011). In this line, following HDM exposure, Igf1rfl/fl mice demonstrated increased levels of serum 

total IgE that were counteracted upon both the preventive and therapeutic strategies. Accordingly, 

elevated levels of serum total IgE have been reported in HDM-challenged mice and in patients with 

allergic asthma [Piñeiro-Hermida et al., 2017a; Schulman et al., 2015). 

Upon allergen exposure, IL33 is mainly released from the airway epithelium to participate in the 

induction of Th2 immunity and is important for the establishment and maintenance of allergic response 

(Makrinioti et al., 2014). IL33 levels were significantly reduced in serum and lungs after therapeutic-

induced Igf1r deficiency but only in lungs following preventive-induced deficiency. Accordingly, increased 

expression of IL33 in the airway epithelium and serum of asthmatic patients was correlated with disease 

severity (Prefontaine et al., 2010; Raeiszadeh Jahromi et al., 2014). Additional reports have shown that 

IL33 exacerbates murine allergic bronchoconstriction and that resolution of allergic airway inflammation 

and AHR is dependent upon disruption of IL33 signaling in mice (Kearley et al., 2009; Sjöberg et al., 2015). 
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Notably, lung epithelial-specific Igf1r deficiency in mice caused delayed differentiation of the airway 

epithelium, a major source of IL33 (Kouzaki et al., 2011; López et al., 2016). IGF1R-deficient lungs showed 

a reduced proportion of club cells in distal airways after chronic HDM exposure (Piñeiro-Hermida et al., 

2017a) and therefore this phenomenon could be manifested as a reduced IL33 release from the airway 

epithelium by HDM. 

Attenuated increase in IL13 levels in serum and lungs was observed following preventive or 

therapeutic induction of Igf1r deficiency. Since IL13 levels are increased in serum of asthmatic patients, it 

is considered a biomarker of disease severity (Gaye et al., 2015). Blockade of IL13 activity in mice after 

HDM sensitization reduces eosinophilia in BALF, peribronchial collagen, and goblet cell hyperplasia 

(Tomlinson et al., 2010). These findings are in accordance with results presented in this study and in a 

recent publication in which IGF1R-deficient mice also showed unaltered IL13 levels after chronic HDM 

exposure (Piñeiro-Hermida et al., 2017a). 

Following HDM treatment IL10 levels were found to be decreased after both the preventive and 

therapeutic strategies. Even though IL10 is a regulatory cytokine with immunosuppressive and anti-

inflammatory properties, its role in asthma remains unclear. IL10 is necessary for the expression of AHR 

after allergic sensitization in mice and its levels in serum were reported differently altered in asthmatic 

patients (Justice et al., 2001; Raeiszadeh Jahromi et al., 2014; Zhang et al., 2013).  

CCL11 is also a potential diagnostic marker for asthma since it is significantly increased in serum of 

asthmatic patients (Wu et al., 2014). CCL11 levels in serum and lungs were found after both the 

preventive and therapeutic approaches. Notably, enhanced expression of CCL11 in the bronchial 

epithelium of asthmatic patients was found to be associated with the development of AHR (Ying et al., 

1997). After allergen exposure, the eosinophil chemoattractant CCL11 is released by the airway 

epithelium in response to cytokines such as IL4, IL13 and TNF (Conroy and Williams 2001). In the present 

study, reduced IL13, Il4 and Tnf levels in HDM-treated mice after preventive- or therapeutic-induced Igf1r 

deficiency supported depleted CCL11 levels. Of note, club cell-derived CCL11 is crucial for the 

accumulation of eosinophils during allergic lung inflammation (Sonar et al., 2012).  

The reduced number in PAS+ cells was validated by decreased expression of the goblet cell 

hyperplasia markers Foxm1, Spdef and Muc5ac following preventive induction of Igf1r deficiency and by 

decreased expression of Scgb1a1 and Muc5ac after the therapeutic approach. After allergen stimulation 

FOXM1 induces differentiation of club cells into goblet cells through transcriptional activation of SPDEF. 

Then, increased MUC5AC expression by SPDEF in goblet cells contributes to goblet cell hyperplasia and 

mucus hyperproduction (Ren et al., 2013). In accordance, blockade of FOXM1 activity in mice after HDM 

exposure led to reduced goblet cell hyperplasia and decreased number of eosinophils in BALF (Sun et al., 

2017; Swedin et al., 2010). Furthermore, both lung epithelial-specific Igf1r deficiency in mice and 

chronically HDM-challenged IGF1R-depleted mice showed delayed club cell differentiation which could 

result in decreased goblet cell hyperplasia and mucus production (López et al., 2016; Piñeiro-Hermida et 

al., 2017a).  

Both Acta2 (α-SMA) and Ptgs2 (COX2) levels were found to be decreased following preventive and 

therapeutic approaches. Accordingly, airway smooth muscle thickness was substantially reduced in 
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IGF1R-deficient mice after chronic HDM exposure (Piñeiro-Hermida et al., 2017a) and pharmacological 

COX2 inhibition after allergen challenge in mice reduced inflammatory cells in BALF (Swedin et al., 2010). 

Moreover, decreased Col1a1 expression following the preventive and therapeutic approaches supported 

the reduced collagen deposition around the airways.  

The proposed mechanism for reduced susceptibility to allergic airway inflammation in IGF1R-

deficient mice (Figure 46) is supported by results from the present study and additional reports.  

Following HDM exposure Igf1r deficiency counteracts collagen deposition, smooth muscle thickening and 

mucus secretion. The airway epithelium is known to be a major source of IL33 and its delayed 

differentiation by Igf1r deficiency could diminish IL33 levels after HDM treatment, reducing the induction 

of Th2 immunity and particularly IL13 expression. After HDM exposure, IL13 normally stimulates goblet 

cell differentiation in the airway epithelium which leads to goblet cell hyperplasia and mucus 

hyperproduction in addition to triggering the release of CCL11. Delayed differentiation of the airway 

epithelium caused by Igf1r deficiency together with diminished IL13 levels may inhibit differentiation of 

goblet cells and CCL11 production, reducing mucus secretion and eosinophil recruitment to the lung. 

Additionally, decreased eosinophilopoiesis in bone marrow of Igf1r-deficient mice can also substantially 

contribute to reduced eosinophil presence in the lung (Kearley et al., 2009; López et al., 2016; Nakae et al., 

2007; Piñeiro-Hermida et al., 2017a; Sonar et al., 2012; Ying et al., 1997).  

 

Figure 46. Proposed mechanism for reduced susceptibility to allergic airway inflammation. 
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Although the short-term therapeutically-induced and generalized Igf1r deficiency presented in this 

study efficiently resolves established allergic airway inflammation, TMX-mediated Igf1r deletion in mice 

may occur with different degrees of mosaicism in different cell types. Thus, Igf1r generalized deficiency 

cannot be used to deduce in which cells IGF1R signaling is crucial for promoting allergic airway 

inflammation. Furthermore, the variability of intranasal administration of HDM and the effect of the 

genetic background on phenotypic variations should also be considered as constraints to this study. 
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6   CONCLUSIONS 

The main conclusions from this thesis are: 

1. The postnatal induction of IGF1R deficiency in mice allows avoiding the perinatal lethality and prevents 

possible cascades of compensatory responses occurring during early development, which can complicate 

interpretation of the phenotype. In addition, it was also demonstrated that IGF1R function is highly 

dependent on cell, tissue and organ type.   

2. Since IGF1R deficient mice showed resistance to BLM-mediated acute lung injury by counteracting lung 

inflammation and alveolar damage, IGF1R can then be considered an important player in murine acute 

lung inflammation.  

3. IGF1R is now considered to play a key role in HDM-driven allergic airway inflammation in mice, since 

IGF1R deficiency attenuates AHR, airway remodeling and mucus secretion after chronic HDM exposure 

and that therapeutic targeting of IGF1R resolves HDM-driven allergic airway inflammation. 

4. IGF1R is suggested to be a potential candidate to develop novel clinical trials focused on the study of 

systemic IGF1R inhibitors that could be more efficient in counteracting the inflammatory response at 

different levels, since IGF1R deficiency attenuates bone marrow neutrophilopoiesis and 

eosinophilopoiesis after BLM treatment and HDM exposure, respectively.  

5. These findings contribute toward a better understanding of the importance of IGF1R as a potential 

target for future therapeutic approaches in respiratory diseases with persistent damage and 

inflammation.  
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Abstract Insulin-like growth factor type 1 receptor

(IGF1R) is a ubiquitously expressed tyrosine kinase that

regulates cell proliferation, differentiation and survival. It

controls body growth and organ homeostasis, but with

specific functions depending on developmental time and

cell type. Human deficiency in IGF1R is involved in

growth failure, microcephaly, mental retardation and

deafness, and its overactivation is implicated in onco-

genesis. Igf1r-deficient mice die at birth due to growth

retardation and respiratory failure. Although multiple

Igf1r tissue-specific mutant lines have been analyzed

postnatally, using Igf1r-floxed (Igf1rfl/fl) micemated with

diverse cell-type recombinase Cre-expressing transgen-

ics, no mouse models for the study of generalized Igf1r

deficiency in adults have been reported. To this end we

generated UBC-CreERT2; Igf1rfl/fl transgenic mice with

an inducible deletion of Igf1r activated by tamoxifen.

Tamoxifen administration to 4week-old prepuberalmale

mice delayed their growth, producing a distinct impact on

organ size 4 weeks later. Whereas testes were smaller,

spleen and heart showed an increased organ to body

weight ratio. Mosaic Igf1r genomic deletions caused a

significant reduction in Igf1r mRNA in all organs

analyzed, resulting indiversephenotypes.While kidneys,

spleen and cochlea had unaltered gross morphology,

testes revealed halted spermatogenesis, and liver and

alveolar lung parenchyma showed increased cell prolif-

eration rateswithout affecting apoptosis.Wedemonstrate

that UBC-CreERT2 transgenic mice efficiently delete

Igf1r upon postnatal tamoxifen treatment in multiple

mouse organs, and corroborate that IGF1R function is

highly dependent on cell, tissue and organ type.
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Introduction

Insulin-like growth factor type 1 receptor (IGF1R) is a

transmembrane tyrosine kinase receptor activated by
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Inflammation is a relevant component of many lung diseases including ARDS, COPD, asthma, cancer, fibrosis 
and pneumonia1–5. Early inflammatory stages of lung injury have been experimentally studied using the bleo-
mycin (BLM) mouse model because of its low complexity and high reproducibility. BLM treatment mediates 
the generation of reactive oxygen species and subsequent DNA damage in the lung6–8. In mice, BLM induces 
alveolar damage and pulmonary inflammation with an initial elevation of cytokines such as IL1B, TNF and 
IL6, which lead to acute lung injury within a week6, 8. These pro-inflammatory mediators, released by alveolar 
macrophages, up-regulate the expression of cell adhesion molecules and stimulate the endothelium to produce 
chemokines, which in turn promote migration of neutrophils into alveolar spaces. Activation of both neutrophils 
and macrophages further induces the release of additional pro-inflammatory mediators and reactive oxygen spe-
cies, resulting in apoptosis or necrosis of alveolar type 1 cells, and consequently increased permeability of the 
alveolar-capillary barrier, lung edema and inactivation of surfactant production5, 9, 10.

The insulin-like growth factor 1 receptor (IGF1R) is a ubiquitously expressed membrane-bound tyrosine 
kinase that mediates the positive effects of its ligands, IGF1 and IGF2, to control a number of essential biolog-
ical outcomes. IGF activity and availability are modulated by six high-affinity IGF binding proteins (IGFBPs). 
IGF1R signaling primarily results in activation of the MAP Kinase and PI3 Kinase/Akt downstream pathways that 
modulate multiple cellular functions at the endocrine, paracrine and autocrine levels such as growth, prolifera-
tion, differentiation, survival, adhesion and migration11, 12. IGF activity was extensively reported in maintaining 
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human lung homeostasis, as it is involved in relevant respiratory diseases including cancer, COPD, fibrosis and 
ARDS13–16.

IGF1R is highly relevant in the murine lung, displaying the highest activation levels of any organ upon chal-
lenge with IGF117. Additionally, epithelial-specific Igf1r deficient mice showed disturbed airway epithelial differ-
entiation after naphthalene-induced club cell injury18, and mice with compromised IGF1R signalling displayed 
oxidative stress resistance19, 20. Moreover, ablation of the macrophage IGF1-IGF1R axis inhibits the NLRP3 
inflammasome, a protein complex that is activated in response to BLM-induced acute lung injury, which indi-
cates that IGF1R plays an important role in initiation of the inflammatory process21, 22. On this basis, we aimed 
to study the implications of IGF1R on the inflammatory process that occurs during BLM-induced acute lung 
injury. For this purpose we used the recently characterized Igf1r conditional mutant mice UBC-CreERT2; Igf1rfl/fl 
(CreERT2)23. In this study, lung transcriptome analysis of CreERT2 mice showed differential expression of genes 
that could serve a protective role in the lung, and it was also demonstrated that IGF1R deficiency confers resist-
ance to BLM-mediated acute lung injury by counteracting the pulmonary inflammatory response. These results 
contribute toward a better understanding of the importance of IGF1R as a potential target for future therapeutic 
approaches in lung diseases with an inflammatory component.

To study the effect of IGF1R deficiency in the postnatal 
mouse lung, CreERT2 mice were treated with tamoxifen at four weeks of age to induce Igf1r gene deletion23. 
Quantitative real-time PCR (qRT-PCR) and Western blot analyses on lung extracts of eight-week-old CreERT2 
tamoxifen-treated mice verified efficient depletion of IGF1R expression at the RNA and protein levels (81% and 
82%, respectively), when compared to their control littermates (Igf1rfl/fl) (Fig. 1a,b). To determine the impact 
of Igf1r deficiency on global lung RNA gene expression, RNA-Seq was performed. After bioinformatics anal-
yses comparing CreERT2 vs. Igf1rfl/fl lung mRNA expression profiles, significant changes in gene expression 
were found (data submitted to Gene Expression Omnibus, accession number GSE88908). Establishing a False 
Discovery Rate (FDR) <0.1, 65 differentially expressed genes were identified. 18 genes were up-regulated (28%) 

Figure 1. Decreased IGF1R expression levels and changes in the lung transcriptome of prepubertal IGF1R-
deficient mice. (a) Igf1r mRNA expression levels and (b) representative Western blots for IGF1R and graphical 
representation of densitometric measurements of band intensities (percentage) normalized to beta-Actin levels 
and quantified in eight-week-old UBC-CreERT2; Igf1rfl/fl (CreERT2) mice with respect to controls (Igf1rfl/fl). 
(c) Number of differentially expressed genes (percentage) found with significant changes (FDR < 0.1) in the 
lungs of UBC-CreERT2; Igf1rfl/fl (CreERT2) mice (n = 3), and (d) representation of the percentage of Igf1r-
transcriptionally regulated genes involved in reported biological functions. Bars are color-coded in red and 
green for up- and down-regulated genes (respectively). Numbers within graphic bars indicate the number of 
mice analyzed and data are expressed as mean ± SEM. **p < 0.01 (Mann-Whitney U test). Up, up-regulated; 
Down, down-regulated.
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and 47 were down-regulated (72%) (Fig. 1c and Supplementary Table S1). The most significantly affected biologi-
cal functions based on GO and Keyword annotations, as well as published reports, are shown in Fig. 1d, and genes 
assigned to an extended list of these functions are displayed in Supplementary Table S2. Interestingly, the majority 
of genes in all categories were down-regulated. Most of them fall into three major categories: development/growth 
(Mki67 and Rps7, up-regulated; Notch3, Foxo1, Epas1 and Tgfbr3, down-regulated), transcriptional regulation 
and epigenetics (Top2a, Hist1h1d and Hist1h2bb, up-regulated; Crebbp, Ep300, Polr2a, Zbtb34, Zbtb16, Zfp518b 
and Zfhx3, down-regulated). Additional relevant biological functions of these genes include inflammation and 
immune response, followed by protumor function, hypoxia/redox and oxidative stress, as well as cell adhesion 
and migration (Supplementary Table S2). The top ten differentially expressed genes and their major biological 
functions are listed in Table 1. As expected, Igf1r is the most down-regulated gene, followed by Srrm2 (involved 
in pre-mRNA splicing), Nr1d2 (transcriptional regulator) and Epas1 (endothelial barrier integrity). The most 
up-regulated genes are Gpx8 and Cyp1a1, both implicated in anti-oxidative stress, followed by Gnptg (lysosome 
transport), Ppp1r2-ps4 (pseudogene) and Saa3 and Spon2, both involved in the immune response.

To further analyze how IGF1R affects lung homeo-
stasis, CreERT2 mice were treated with BLM to induce lung damage at six weeks of age (D0), and their survival 
was followed until D21 (Fig. 2a,b). The percentage of survivors after BLM challenge was significantly higher in 
CreERT2 mice (79%) than in Igf1rfl/fl mice (33%), without gender differences. Interestingly, mortality predom-
inantly affected mice within the first week of treatment, beginning at D3 (Fig. 2b). qRT-PCR and Western blot 
analyses on lung extracts at D3 verified IGF1R reduced mRNA (88%) and protein (84%) levels in CreERT2 mice 
(Fig. 2c,d). In our search for possible compensatory effects on IGF system gene expression, we determined the 
mRNA levels of Igf1, Igfbp3, Igfbp5 and Insr, in addition to the IGF/Ins transcription factor-signaling mediator 
Foxo1, by qRT-PCR. Igf1 levels were found to be significantly diminished in CreERT2 lungs but conversely, Igfbp3, 
Igfbp5, Insr and Foxo1 levels were increased (Fig. 2e).

Since BLM causes an acute increase in total cells 
and protein concentration in bronchioalveolar lavage fluid (BALF)6, BALFs from saline- (SAL) and BLM-treated 
mice from both genotypes were analyzed at D3 (Fig. 3a). To evaluate lung vascular fragility and permeability, 
the presence of erythrocytes and the protein concentration in BALF were quantified. Interestingly, the increased 
erythrocyte presence (10-fold) found in BALF of Igf1rfl/fl from BLM compared to SAL-treated mice, was not as 
pronounced (4-fold) in CreERT2 mice. It is important to mention that erythrocyte counts from SAL-treated 
CreERT2 mice were significantly reduced (3-fold) with respect to Igf1rfl/fl, and were even more accentuated 
(6-fold) after BLM challenge (Fig. 3b). Only Igf1rfl/fl BALF protein levels were found to be increased (2-fold) 
when comparing SAL- to BLM-treated mice, whereas in CreERT2 mice, protein levels remained unchanged after 
BLM treatment (Fig. 3c). In parallel, total and differential cell counts for neutrophils, macrophages and lympho-
cytes were severely attenuated in BALF from BLM-challenged CreERT2 lungs with respect to their SAL-treated 
controls (Fig. 3d). Additionally, differential cell counts were also calculated as a proportion with respect to total 
absolute cell numbers, and expressed as percentages (Supplementary Table S3). Although BLM-treated Igf1rfl/fl 
mice demonstrated a significant increment in BALF total cells (3-fold) compared to SAL-treated mice, CreERT2 
mice did not show such an increase. Differential cell counts for neutrophils, macrophages and lymphocytes in 
BLM-challenged Igf1rfl/fl mice exhibited the same marked increase. Furthermore, total and differential cell counts 
in BALF of IGF1R-deficient mice showed a severe attenuation with respect to Igf1rfl/fl (Fig. 3d).

Accession No. Gene name Description FDR Main function
Up-regulated
NM_027127.2 Gpx8 Glutathione peroxidase 8 5.08 E-11 Antioxidative stress

NM_009992.4 Cyp1a1 Cytochrome P450, family 1, subfamily a, 
polypeptide 1 1.51 E-10 Antioxidative stress

NM_172529.3 Gnptg N-acetylglucosamine-1-phosphotransferase, 
gamma subunit 1.10 E-08 Lysosome transport

AK015709 Ppp1r2-ps4 Protein phosphatase 1, regulatory (inhibitor) 
subunit 2, pseudogene 4 3.69 E-05 Unknown

NM_011315.3 Saa3 Serum amyloid A 3 7.26 E-05 Immune cell response
NM_133903.3 Spon2 Spondin 2, extracellular matrix protein 3.20 E-4 Immune cell response
Down-regulated
NM_010513.2 Igf1r Insulin-like growth factor I receptor 6.91 E-11 Cell growth and survival
NM_175229.3 Srrm2 Serine/arginine repetitive matrix 2 2.90 E-06 Pre-mRNA splicing
NM_011584.4 Nr1d2 Nuclear receptor subfamily 1, group D, member 2 2.65 E-05 Transcriptional regulation
NM_010137.3 Epas1 Endothelial PAS domain protein 1 8.78 E-05 Endothelial barrier integrity

Table 1. Top 10 differentially expressed genes in the lung of UBC-CreERT2; Igf1rfl/fl mutant mice, and their 
assigned main functions.
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Inflamed lung areas were measured at D3, and were found 
to be markedly reduced in BLM-treated Cre-ERT2 lungs (7-fold) (Fig. 4a,b). To verify and further investigate the 
mechanism by which IGF1R deficiency blocks inflammatory cell recruitment to the lung, mRNA expression analysis 
of different inflammatory markers was performed. Pro-inflammatory cytokines Tnf, Il1b and Il6 were found to be 
significantly down-regulated in CreERT2 lungs (Fig. 4c), and the reduction of TNF protein levels was confirmed by 
ELISA (Fig. 4d). Conversely, mRNA expression levels of the injury resolution-phase markers Csf1, Il13 and Cd209a 
were significantly increased (Fig. 4e). Despite clearly increased Il13 mRNA levels, protein levels were found to be 
only slightly increased (Fig. 4f). Cell proliferation evaluated in lung perivascular areas and in the alveolar paren-
chyma by Ki67 immuno-staining on D3 was found to be substantially reduced in CreERT2 mice (3-fold in both 
cases) (Fig. 5a,b). As an indirect measure of inflammatory cell presence in the lung, mRNA levels of neutrophil 
chemotaxis (Cxcl1), neutrophil (Ly6g) and macrophage (Marco and Adgre1) markers were determined. Cxcl1 levels 
were greatly reduced in IGF1R-deficient lungs, and Ly6g, Marco and Adgre1markers also showed a significant reduc-
tion (Fig. 6a). Neutrophilic infiltration found in perivascular areas was 44% and 7% of total infiltrates for Igf1rfl/fl and 
CreERT2 BLM-challenged lungs, respectively (Fig. 6b, upper panel). F4/80 immunostaining revealed a significant 
decrease for both alveolar macrophage numbers (50%), and volumes (360.1 ± 17.1 μm3 vs. 78.1 ± 5.3 μm3; p = 0.009) 

Figure 2. Establishment of the BLM-mediated acute lung injury model, and improved survival, reduced 
expression of IGF1R as well as changes in mRNA expression of IGF system genes in IGF1R-deficient mice. (a) 
Tamoxifen (TMX) was administered daily for five consecutive days to four-week-old UBC-CreERT2; Igf1rfl/fl 
(CreERT2) mice to induce a postnatal Igf1r gene conditional deletion as previously described using Igf1rfl/fl 
mice as experimental controls23. Six-week-old mice were intra-tracheally instilled with 2.5 μl/g BLM (2 U/ml) 
or saline using a ketamine-xylazine anesthetic combination. Cellular and molecular analyses were assessed 
on day (D) 3, based on survival curves. (b) Survival rates after BLM challenge determined over a follow-up 
period of 21 days in UBC-CreERT2; Igf1rfl/fl (CreERT2) (n = 24) and Igf1rfl/fl mice (n = 30). Data are expressed 
as the percentage of mice alive at each time point. (c) Igf1r mRNA expression levels, (d) representative Western 
blots for IGF1R and graphical representation of densitometric measurements of band intensities (percentage) 
normalized to beta-Actin levels, and (e) mRNA expression of IGF system related genes (Igf1, Igfbp3, Igfbp5, Insr 
and Foxo1) in lungs of UBC-CreERT2; Igf1rfl/fl (CreERT2) vs. Igf1rfl/fl mice at D3 post-intratracheal instillation. 
Numbers within graphic bars indicate the number of mice analyzed and data are expressed as mean ± SEM. 
*p < 0.05; **p < 0.01 (Mann-Whitney U test). BLM, bleomycin.



www.nature.com/scientificreports/

5SCIENTIFIC REPORTS  4290 

(Fig. 6b, middle panel). In view of the reduced presence of BALF lymphocytes in mutant mice, infiltration into the 
lung was also assessed by immunostaining for CD3. Accordingly, lymphocyte counts were also diminished (45%) 
in CreERT2 lungs (Fig. 6b, bottom panel). To verify reduced neutrophil infiltration in IGF1R-deficient mice, total 
and neutrophil counts were performed in bone marrow cytospins obtained from mice of both genotypes after BLM 
treatment. As expected, total cells and neutrophils were found to be diminished in CreERT2 mice with respect to 
Igf1rfl/fl BLM-challenged lungs (2- and 5-fold, respectively) (Fig. 7a,b).

To determine the effect of IGF1R depletion on alveolar damage after BLM challenge, alveolar epithe-
lial cell type-specific markers were quantified by qRT-PCR on D3. Transcript levels of alveolar epithelial cell 
type 1 (Aqp5) and 2 (Sftpc) markers were found to be significantly increased in CreERT2 BLM-challenged lungs. 
However, IGF1R-deficient lungs demonstrated significantly decreased levels of the hypoxia-inducible factor 1 
subunit alfa (Hif1a) (Fig. 8a). Since the RNA-seq indicated that the anti-oxidative stress marker Gpx8 was the 
most up-regulated gene in CreERT2 unchallenged lungs, its mRNA expression was assayed in BLM-treated lungs, 
and also found to be increased in IGF1R-deficient mice with respect to controls (Fig. 8a). SFTPC and HIF1A 
expression determined by immunohistochemistry verified mRNA expression levels (Fig. 8b). In accordance, the 
number of SFTPC+ cells was significantly increased (1.6-fold) (Fig. 8c), and conversely, HIF1A relative fluores-
cence intensity was found to be diminished (1.8-fold) in IGF1R-deficient lungs (Fig. 8d).

This is the first report of the functional implication of IGF1R in acute lung inflammation using a BLM mouse 
model. First, we analyzed the lung transcriptome in recently reported IGF1R-deficient mice (CreERT2)23 identi-
fying differentially expressed genes with potentially protective roles. After BLM challenge, CreERT2 mice showed 
resistance to BLM-mediated acute lung injury by counteracting lung inflammation and alveolar damage.

Figure 3. Reduced vascular fragility and lung permeability, and diminished leukocyte presence in BALF of 
IGF1R-deficient mice after BLM treatment. (a) Representative cytospin images, (b) quantification of number 
of erythrocytes per HPF, (c) total protein concentration and, (d) total and differential cell counts performed 
on cytospin preparations of BALF from saline- or BLM-treated UBC-CreERT2; Igf1rfl/fl (CreERT2) vs. Igf1rfl/fl 
mice at D3. Scale bar: 20 μm. Numbers within graphic bars indicate the number of mice analyzed and data are 
expressed as mean ± SEM. *p < 0.05; **p < 0.01 ***p < 0.001 (Dunn Sidak multiple comparison test). SAL, 
saline; BLM, bleomycin; BALF, bronchoalveolar lavage fluid; HPF, high-power field.
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Lung transcriptome analysis of CreERT2 mice demonstrated a general inhibition of differentially expressed 
genes, as similarly reported in prenatal Igf1-deficient lungs24. H1 histones Hist1h1d and Hist1h2bb, as well as 
Hist1h4m and Hist1h1a (Supplementary Table S1) were found to be up-regulated in CreERT2 lungs. In this 
regard, it is widely known that H1 histones participate in chromatin condensation therefore repressing gene 
expression25, 26. Additionally, the histone acetyltransferases Crebbp and Ep300, both transcriptional co-activators, 
were found down-regulated in IGF1R-deficient lungs. In an inflammatory context, CREBBP and EP300 were 
reported to activate NF-κB-mediated pro-inflammatory gene expression in response to oxidative stress26–28. Thus, 
increased H1 histone together with lower acetyltransferase expression would result in a more condensed chroma-
tin state, less accessible to transcription factors. Furthermore, the lower expression observed for mitochondrial 
respiratory chain complexes I (mt-Nd4, mt-Nd5 and mt-Nd6) and III (mt-Cytb) genes (Supplementary Table S1) 
could result in decreased electron transport chain activity and consequently, in a reduction of reactive oxygen 
species production, since these complexes were reported to govern the response to hypoxia29, 30. In parallel, Gpx8 
and Cyp1a1, both involved in alleviating oxidative stress and inflammation31, 32, were the two most up-regulated 
genes. Overall, these results indicate that IGF1R deficiency could potentially be associated with a higher capacity 
to endure oxidant-induced injury.

After BLM treatment CreERT2 mice showed improved survival. Similar results were observed in acute lung 
injury mouse models with compromised IGF1R activity20, 33. Moreover, IGF1R-deficient lungs showed increased 
Igfbp3, Igfbp5, Insr and Foxo1 levels after BLM challenge, possibly due to compensatory effects in response to 
IGF1R deficiency, as reported18, 34. Specifically, IGFBP3 and IGFBP5 have shown protective properties in the 
mouse lung35–37.

Figure 4. Decreased inflammation and increased resolution marker levels in IGF1R-deficient lungs following 
BLM treatment. (a) Representative images of H&E stained inflamed lung sections (scale bar: 0.5 mm), 
(b) quantification of inflamed lung area to total lung surface, (c,e) lung tissue mRNA expression of pro-
inflammatory (Tnf, Il1b and Il6) and injury resolution phase (Il13, Csf1 and Cd209a) markers, and (d,f) TNF 
and IL13 levels in lung homogenate from BLM-treated UBC-CreERT2; Igf1rfl/fl (CreERT2) mice at D3. Numbers 
within graphic bars indicate the number of mice analyzed and data are expressed as mean ± SEM. *p < 0.05; 
**p < 0.01 (Mann-Whitney U test). BLM, bleomycin.
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Remarkably, CreERT2 mice showed decreased total proteins in BALF, an indicator of reduced vascular per-
meability. This finding together with diminished erythrocyte counts are in accordance with the lower vascular 
extravasation reported in hypomorphic IGF1R-deficient mice20. Furthermore, the decreased presence of different 
inflammatory cell types in CreERT2 lungs was reflected in BALF cell counts, and supported by reduced prolif-
eration in perivascular and alveolar areas. Diminished Cxcl1 and Ly6g mRNA levels were verified by reduced 
neutrophilic infiltration into CreERT2 lungs. Considering that normal neutrophil bone marrow counts in mice 
are around 36.9%38, BLM clearly induced bone marrow neutrophilopoiesis in Igf1rfl/fl (54.25%) mice, unlike in 
IGF1R-deficient mice (25.44%). Similarly, pharmacological IGF1R blocking was recently reported to decrease 
the number of peripheral white blood cells17, 39. Altogether, these results demonstrate that the lack of IGF1R effi-
ciently counteracts the acute BLM-induced neutrophilia, a major inflammatory player in this model.

Concerning TNF and Il1b, CreERT2 lungs showed decreased expression of these cytokines, the most relevant 
in the lung during the early phase of BLM response10, 40. Accordingly, PREX1, an IGF1R signalling activator, 
has been shown to have a pro-inflammatory role after BLM treatment, and Prex1-deficient mice mirrored the 
pro-inflammatory profile shown by our IGF1R-deficient mice at D341. In addition, activation of the IGF1R/PI3K/
AKT/mTOR signalling pathway was reported to promote lung injury and repair42, 43, and IGF1R signaling pro-
motes TNF-induced activation of NF-kB, a major pathway involved in inflammation44. Likewise, IGF1R plays an 
important role in initiation of the inflammatory process, as ablation of the macrophage IGF1/IGF1R signaling 
axis in mice inhibits the NLRP3 inflammasome, a protein complex triggered in the lung upon BLM-induced 
damage21, 22. During inflammation, while M1 macrophages contribute to tissue injury after excessive production 
of pro-inflammatory mediators (e.g., TNF and IL1B), M2 macrophages lead to resolution of inflammation and 
tissue repair upon anti-inflammatory cytokine activation (e.g., IL13 and CSF1)9, 45. In this regard, both dimin-
ished expression of Tnf, Il1b and Il6 as well as elevated levels of Csf1, Il13 and Cd209a found in CreERT2 lungs 
would promote a pulmonary environment enriched in M2 macrophages. Noteworthy, IL13 was reported to pro-
tect against acute hyperoxic lung injury and Cd209a expression was found to be increased in the resolution-phase 
macrophages after peritonitis induction in mice46, 47. Altogether, these data support the idea that IGF1R deficiency 
would facilitate dampening of innate/adaptive immunity and resolution of inflammation.

Following BLM-induced lung injury we found increased expression of the alveolar markers Aqp5 and SFTPC 
in CreERT2 lungs. Accordingly, AQP5 expression was reported to be decreased in BLM-challenged lungs48, and 
its reduced levels were shown to contribute to abnormal fluid fluxes during pulmonary inflammation in mice49. 
In addition, SFTPC-deficient mice had increased mouse mortality, neutrophilic inflammation, and alveolar dam-
age following BLM treatment50. In line with our results, Sfptc mRNA levels were also found to be increased in 
CreERT2 lungs after allergic airway inflammation51. Thus, it appears that IGF1R deficiency confers a protective 
role against alveolar damage.

As a master transcriptional regulator of the adaptive response to hypoxia, HIF1A uses CREBBP and EP300 
as transcriptional co-activators. Thus, decreased Crebbp and Ep300 transcriptional levels in non-challenged 
CreERT2 lungs could contribute to HIF1A reduced expression after BLM challenge. In accordance, alveolar type 

Figure 5. Diminished cell proliferation in IGF1R-deficient lungs after BLM challenge. (a) Representative 
images of Ki67 immuno-staining (in brown, orange arrows) under the pulmonary artery (top) and in the 
alveolar parenchyma (bottom), and (b) quantification of cell proliferation rates (Ki67+) in BLM treated UBC-
CreERT2; Igf1rfl/fl (CreERT2) vs. Igf1rfl/fl lungs at D3 (scale bar: 20 μm). Numbers within graphic bars indicate 
the number of mice analyzed and data are expressed as mean ± SEM. **p < 0.01 (Mann-Whitney U test). PV, 
perivascular; pa, pulmonary artery.
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2 cell-specific Hif1a knockout mice demonstrated milder pulmonary inflammation52, supporting that HIF1A 
could play an important role in acute lung inflammation.

Although we demonstrate a significant reduction of IGF1R expression in CreERT2 lungs, TMX-mediated 
IGF1R deletion may occur with different degrees of mosaicism in different cell types. Thus, IGF1R generalized 
deletion cannot be used to deduce in which cells IGF1R signaling is crucial for promoting acute lung inflamma-
tion. Furthermore, the variability of intratracheal administration of BLM and the effect of the genetic background 
on phenotypic variations should also be considered as constraints to this report.

In summary, we have shown that IGF1R deficiency in mice plays a key role in decreasing transcriptional 
activity, and confers protection against alveolar damage and pulmonary inflammation. Notably, our findings may 
contribute to understanding the importance of IGF1R as a potential target for future therapeutic approaches in 
respiratory diseases with persistent damage and inflammation.

Figure 6. Reduced inflammatory cell infiltration in IGF1R-deficient lungs after BLM treatment. (a) Lung 
mRNA expression of neutrophil chemotaxis (Cxcl1), neutrophil (Ly6g) and macrophage (Adgre1 and Marco) 
markers and (b) representative H&E, as well as F4/80 and CD3 immunostained sections, and quantification 
of neutrophils (red arrowheads, upper panels), alveolar macrophages (white arrowheads, middle panels) and 
lymphocytes (orange arrowheads, bottom panels) in BLM treated UBC-CreERT2; Igf1rfl/fl (CreERT2) vs. Igf1rfl/fl 
lungs at D3. Scale bars: 10 μm (upper panels) and 20 μm (middle and bottom panels). Numbers within graphic 
bars indicate the number of mice analyzed and data are expressed as mean ± SEM. *p < 0.05; **p < 0.01 (Mann-
Whitney U test).
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Figure 7. Reduced total and neutrophil counts in bone marrow from IGF1R-deficient mice. (a,b) 
Representative images, and total and neutrophil (red arrowheads) counts in bone marrow cytospin preparations 
from BLM-treated UBC-CreERT2; Igf1rfl/fl (CreERT2) vs. Igf1rfl/fl mice at D3. Scale bar: 20 μm. Numbers within 
graphic bars indicate the number of mice analyzed and data are expressed as mean ± SEM. **p < 0.01 (Mann-
Whitney U test). BLM, bleomycin; BM, bone marrow.

Figure 8. Reduced alveolar damage and HIFA expression in BLM-challenged lungs of IGF1R-deficient mice. 
(a) Changes in mRNA expression of alveolar (Aqp5 and Sftpc), response to hypoxia (Hif1a), and antioxidative 
stress (Gpx8) markers, (b) representative SFTPC (pink arrowheads) and HIF1A immunostained sections 
(upper and bottom panels, respectively), (c) number of SFTPC positive cells per unit area of lung tissue, and (d) 
quantification of HIF1A relative fluorescence intensity in lungs of UBC-CreERT2; Igf1rfl/fl (CreERT2) and Igf1rfl/fl 
mice at D3 after BLM treatment. Scale bars: 20 μm. Numbers within graphic bars indicate the number of mice 
analyzed and data are expressed as mean ± SEM. *p < 0.05; **p < 0.01 (Mann-Whitney U test). RFU, relative 
fluorescence units.
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All experiments and animal procedures were carried out following the guidelines laid 
down by the European Communities Council Directive of 24 November 1986 (86/609/EEC) and were revised and 
approved by the CIBIR Bioethics Committee (refs 03/12 and 13/12). All animals were bred and maintained under 
specific pathogen-free (SPF) conditions in laminar flow caging at the CIBIR animal facility.

UBC-Cre-ERT2; Igf1rfl/fl double transgenic mice were in a C57BL/6 enriched (at 
least six generation backcrosses to C57BL/6 strain) mixed genetic background. For experimental purposes, 
UBC-Cre-ERT2; Igf1rfl/fl double transgenic mice were crossed with Igf1rfl/fl mice to directly generate descendants 
in equal proportions in the same litter, and Igf1rfl/fl and UBC-Cre-ERT2; Igf1rfl/fl littermates were respectively used 
as experimental controls and mutants. Tamoxifen (TMX) was administered daily for five consecutive days to 
four-week-old mice of both genotypes to induce a postnatal Igf1r gene conditional deletion in UBC-Cre-ERT2; 
Igf1rfl/fl mice, as previously described23. Two-month-old and six-week-old tamoxifen-treated UBC-CreERT2; 
Igf1rfl/fl (CreERT2) and Igf1rfl/fl mice were used for RNAseq analysis, and BLM treatment to induce lung injury, 
respectively. Six-week-old mice (equal sex proportions) of both genotypes were intra-tracheally instilled with 
either a single dose of 2.5 μl/g body weight of BLM sulfate (5 U/kg) (EMD Millipore, Billerica, MA) in saline (2 U/
ml) or saline (SAL) at D0, under a ketamine-xylazine anesthetic combination in saline (100:10 mg/kg respec-
tively; 10 μl/g). Animals were monitored for 21 days to determine survival rates of both UBC-CreERT2; Igf1rfl/fl 
and Igf1rfl/fl mice after BLM challenge. Those animals that reached the human endpoint, as specified by the CIBIR 
Bioethics Committee protocol ref. 13/12, were also considered to be dead animals at each time point. The human 
endpoint criteria were applied when there was severe involvement of one of the specific (body weight, respiratory 
pattern and bleeding), or moderate involvement of two or more of the general (appearance, natural behavior) or 
specific parameters occurred, according to our expert veterinary evaluation. For acute lung injury studies, ani-
mals were sacrificed and tissues were collected at D3 (Fig. 2a).

Before tissue collection, animals were euthanized by intraperitoneal injection 
of 10 μl/g of a ketamine-xylazine anesthetic combination in saline (300:30 mg/kg respectively). Three different 
sets of mice were used for BALF, mRNA/Western blot/histology and ELISA, respectively. A first set was used to 
obtain BALF; lungs from saline or BLM-treated mice were lavaged twice with 0.8 ml cold PBS. From the second 
set, left lungs were inflated with formalin fixative, post-fixed by immersion in formalin for 8–10 h, embedded in 
paraffin and cut into 3 μm sections for histopathological evaluation or immunohistochemistry; and right lobes 
were separated and snap frozen in liquid nitrogen for qRT-PCR and Western blot. Left lungs from a third set of 
animals were harvested for ELISA analysis.

Total cell number was counted and expressed as cells/ml BALF and differential 
cell counts were performed on May-Grünwald/Giemsa (Sigma-Aldrich, St. Louis, MO) stained cytospins from 
4 animals per condition, blind counting a minimum of 300 cells per slide. Cells were determined to be mac-
rophages, lymphocytes and neutrophils using standard morphology criteria. The average number of red blood 
cells per high-power field was obtained by evaluating 5 different fields on BALF cytospin preparations. Total 
protein concentration in BALF supernatants was determined using the Pierce BCA Protein Assay Kit (Thermo 
Fisher Scientific, Waltham, MA).

Quantification of inflammation was determined 
in H&E stained sections and expressed as the percentage of inflamed lung area to total section surface. Five 
BLM-treated left lungs per genotype were used. Inflamed lung areas were defined as darker H&E stained foci, 
where inflammatory cells accumulate massively, and delimitated manually using the Fiji open-source image pro-
cessing software package v1.48r (https://fiji.sc).

Immunohistological detection of proliferating cells was performed as described23. Ki67 positive cells 
were counted using 5 or 10 fields per section per animal in perivascular and alveolar areas, respectively. The 
Ki67-labeling index was calculated as the number of Ki67 positive cells compared to the total cell number. Other 
histological and immunohistochemical quantifications were performed using 5 BLM-treated animals per gen-
otype evaluating 5 different fields per lung. Determination of neutrophil and lymphocyte infiltration grades 
were assessed in lung perivascular areas on H&E and CD3 (ab5690 1:200, Abcam, Cambridge, UK) stained lung 
sections, and expressed as the number of neutrophils or lymphocytes to total cell infiltrates. Quantification of 
macrophages and alveolar type 2 cells was assessed in alveolar areas immunostained with anti-F4/80 (Clone 
MCA497GA 1:100, Bio-Rad, Langford, UK), and anti-SFTPC (AB3786, EMD Millipore, Billerica, MA) antibod-
ies respectively, and expressed per unit area. Macrophage diameters were measured and volumes were extrapo-
lated using the sphere volume formula. HIF1A expression was determined using the HIF1A antibody (ab2185 
1:100, Abcam, Cambridge, UK) and expressed as relative fluorescence units (RFU) as previously described18. 
HIF1A relative fluorescence was evaluated using the Fiji software package.

Bone marrow (BM) isolation was performed using 5 BLMtreated 
animals per genotype (1 femur per animal). After dissection, the femoral heads were incised and femurs were 
positioned in bottom perforated 0.5 ml tubes placed inside 1.5 ml tubes. After centrifugation at 10000 × g for 
15 seconds, BM was suspended in 500 μl PBS and centrifuged at 300 × g for 5 min at 4 °C. Following aspiration of 
the supernatant, BM pellets were resuspended in 500 μl of ACK lysing buffer (Thermo Fisher Scientific, Waltham, 
MA) and after 10 minutes of incubation, 1 ml of PBS was added. Total cell numbers were counted and expressed as 
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cells/ml BM and neutrophil counts were performed on May-Grünwald/Giemsa (Sigma-Aldrich, St. Louis, MO) 
stained cytospins and 5 different fields per slide were blind counted.

Inferior lung lobes taken from eight-week-old 
mice or on D3 post-bleomycin were homogenized in TRIzol Reagent (Invitrogen, Carlsbad, CA) and total RNA 
was isolated using an RNeasy Mini Kit (Qiagen, Hilden, Germany). RNA from D3 post-bleomycin-treated mice 
was reverse transcribed to cDNA using SuperScript II First-Strand Synthesis System (Invitrogen, Carlsbad, CA) 
as per the manufacturer’s specifications. cDNA samples were amplified by qRT-PCR in triplicate on a 7300 Real 
Time PCR instrument (Applied Biosystems, Foster City, CA), for each primer pair assayed (Supplementary 
Table S4). Results were normalized using the 18S rRNA gene as the endogenous control.

RNAseq analysis was performed on eight-week-old tamoxifen-treated 
UBC-CreERT2; Igf1rfl/fl and Igf1rfl/fl lungs (n = 3 per genotype). Approximately, 1 μg of total RNA from each sam-
ple was submitted to the CIBIR Genomics Core Facility for sequencing. Briefly, after verifying RNA quality in 
an Experion Bioanalyzer (BioRad), TruSeq total RNA libraries were generated according to the manufacturer’s 
instructions (Illumina Inc). The libraries were sequenced in a Genome Analyzer IIx (Illumina Inc) to generate 
150 single-end reads. Mus musculus GRCm38.71 (FASTA) from the Ensemble database was used as the reference 
genome. After removing adapter sequences with the Cutadapt software53, mapping to the reference genome was 
performed with TopHat2 (version 2.5)54. Gene expression quantification, normalization, and statistical analyses 
were performed with SeqSolve (Integromics). Expression data were normalized by calculating the fragments per 
kilobase of exon per million fragments mapped (FPKM) reads for each gene. Igf1r-transcriptionally regulated 
genes involved in biological processes were classified according to GO and Keyword annotations. Additionally, a 
PubMed search, and the Genecards and OMIM tools were used to help assign biological functions.

Superior lung lobes were solubilized in a 10 mM Tris/HCl (pH 7.4) buffer containing 
0.1% sodium dodecyl sulfate, a protease inhibitor mixture, and DNase (Promega, Fitchburg, WI). Samples were 
separated in NuPAGE Novex 4–12% Bis-Tris Gel (Invitrogen, Carlsbad, CA) and transferred to a polyvinylidene 
difluoride membrane (EMD Millipore). Membranes were incubated with primary antibodies for IGF1R (#3027 
Cell Signalling Inc., Danvers, MA) and beta-Actin (ab6276 Abcam, Cambridge, UK) at 1:1000 and 1:30000 dilu-
tions respectively, and then incubated with horseradish peroxidase-conjugated anti-rabbit or anti-mouse anti-
bodies (DAKO, Agilent technologies, Santa Clara, CA) for IGF1R and beta-Actin respectively, at a 3:10 dilution. 
Signals were detected using ECL Western Blot Substrate (Thermo Fisher Scientific, Waltham, MA) and Hyperfilm 
ECL (GE Healthcare, Little Chalfont, UK). Films were scanned and signals in the linear range were quantified 
using Image J and normalized to beta-Actin levels.

TNF and IL13 levels were determined in homogenized tissue lysates using left lungs with the help of 
mouse TNF-alpha Quantikine and IL-13 Duoset ELISA Kits (R&D Systems, Minneapolis, MN), according to the 
manufacturer’s guidelines.

Statistical analyses were performed using SPSS Statistics Software v21 for Windows. Differences 
between genotypes were evaluated for significance using the non-parametric Mann-Whitney U test or the Dunn 
Sidak test for multiple comparisons. Results are shown as mean values ± standard error of the mean (SEM). For 
all analyses, a p value < 0.05 was considered statistically significant.
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Position Gene name Description Log2 fold 
change Q-value/FDR

1 Gpx8 Glutathione peroxidase 8 33,33 5,08097E-11
2 Igf1r Insulin-like growth factor I receptor -2,35512 6,91951E-11
3 Cyp1a1 Cytochrome P450, family 1, subfamily a, polypeptide 1 2,22399 1,51895E-10
4 Gnptg N-acetylglucosamine-1-phosphotransferase, gamma subunit 33,33 1,10271E-08
5 Srrm2 Serine/arginine repetitive matrix 2 -1,29438 2,90396E-06
6 Nr1d2 Nuclear receptor subfamily 1, group D, member 2 -1,43483 2,65234E-05
7 Ppp1r2-ps4 Protein phosphatase 1, regulatory (inhibitor) subunit 2, pseudogene 4 33,33 3,69653E-05
8 Saa3 Serum amyloid A 3 2,58211 7,26024E-05
9 Epas1 Endothelial PAS domain protein 1 -1,17128 8,78217E-05
10 Spon2 Spondin 2, extracellular matrix protein 1,76138 0,000320111
11 Slco2a1 Solute carrier organic anion transporter family, member 2a1 -1,08642 0,000596572
12 Mll2 Lysine (K)-specific methyltransferase 2D -1,11086 0,000614606
13 Npnt Nephronectin -0,950843 0,000614606
14 Hydin HYDIN, axonemal central pair apparatus protein -1,51408 0,00123442
15 Pcdh1 Protocadherin 1 -0,92639 0,00123442
16 Lyz1 Lysozyme 1 1,00162 0,00130818
17 Top2a Topoisomerase (DNA) II alpha 1,19316 0,00146147
18 Zbtb34 Zinc finger and BTB domain containing 34 -33,33 0,00169479
19 Cyyr1 Cysteine and tyrosine-rich protein 1 -0,864652 0,00169479
20 mt-Nd5 NADH dehydrogenase 5, mitochondrial -0,946779 0,00436231
21 Ces1g Carboxylesterase 1G 2,10737 0,00454152
22 Pcnx Pecanex homolog (Drosophila) -0,989945 0,00483008
23 Muc5b Mucin 5, subtype B, tracheobronchial -1,04542 0,0066965
24 Med13l Mediator complex subunit 13-like -1,05975 0,0072912
25 Lox Lysyl oxidase -0,893177 0,00758989
26 Tenc1 Tensin 2 -0,95569 0,0130699
27 Dnahc6 Dynein, axonemal, heavy chain 6 -0,953513 0,0156303
28 Hist1h1d Histone cluster 1, H1d 1,27832 0,0174382
29 Atp2a3 ATPase, Ca++ transporting, ubiquitous -0,935091 0,0195047
30 Zbtb16 Zinc finger and BTB domain containing 16 -0,87579 0,0255043
31 Svep1 Sushi, von Willebrand factor type A, EGF and pentraxin domain containing 1 -0,82965 0,0288283
32 Mki67 Antigen identified by monoclonal antibody Ki 67 0,88978 0,0288283
33 Snhg11 Small nucleolar RNA host gene 11 -1,27045 0,0331612
34 Hist1h2bb Histone cluster 1, H2bb 1,21471 0,0347587
35 Zfp518b Zinc finger protein 518b -33,33 0,0360491
36 Zfhx3 Zinc finger homeobox 3 -0,987494 0,0371726
37 Notch3 Neurogenic locus homolog protein 3 -1,01305 0,0405676
38 Foxo1 Forkhead box O1 -1,02458 0,0411093
39 Apol11b Apolipoprotein L 11b -1,89341 0,0485738
40 Syngap1 Synaptic Ras GTPase activating protein 1 homolog (rat) -33,33 0,0487062
41 AC147987.1 RIKEN cDNA 4933404O12 gene 33,33 0,0492756
42 C030017K20Rik RIKEN cDNA C030017K20 gene -33,33 0,0507919
43 Rab6b RAB6B, member RAS oncogene family -1,17859 0,0507919
44 Crebbp CREB binding protein -0,854579 0,0508175
45 Kif11 Kinesin family member 11 1,18653 0,0508175
46 Fancf Fanconi anemia, complementation group F 33,33 0,0536387
47 Hr Hairless -33,33 0,0546633
48 Ptprb Protein tyrosine phosphatase, receptor type, B -0,815991 0,0550762
49 Gdpd3 Glycerophosphodiester phosphodiesterase domain containing 3 -1,6275 0,0593667
50 Marco Macrophage receptor with collagenous structure 1,43551 0,0632713
51 Tet3 Tet methylcytosine dioxygenase 3 -0,969638 0,065462
52 mt-Cytb Cytochrome b, mitochondrial -0,768723 0,0674572
53 Luc7l2 LUC7-like 2 (S. cerevisiae) -0,472481 0,0674572
54 Nav2 Neuron navigator 2 -0,969168 0,0684272
55 Ppp1r3c Protein phosphatase 1, regulatory (inhibitor) subunit 3C 1,13441 0,0712999
56 Trim25 Tripartite motif-containing 25 -1,04788 0,0733889
57 Prrc2c Proline-rich coiled-coil 2C -0,785804 0,0733889
58 Mlxip MLX interacting protein -0,877622 0,076686
59 Polr2a Polymerase (RNA) II (DNA directed) polypeptide A -0,816322 0,0776129
60 Ep300 E1A binding protein p300 -0,79195 0,0777767
61 Abi3bp ABI gene family, member 3 (NESH) binding protein -0,842908 0,0783232
62 Tgfbr3 Transforming growth factor, beta receptor III -0,794265 0,0902875
63 Efnb2 Ephrin B2 -0,983599 0,0926999
64 Hnrnpul2 Heterogeneous nuclear ribonucleoprotein U-like 2 -0,81716 0,0936172
65 Rps7 Ribosomal protein S7 1,53422 0,093661

66 Cd5l CD5 antigen-like 2,38007 0,11316
67 Hist1h4m Histone cluster 1, H4m 33,33 0,114229
68 Pdzd2 PDZ domain containing 2 -0,725257 0,115581
69 Btbd3 BTB (POZ) domain containing 3 -0,70643 0,119155
70 Sorbs3 Sorbin and SH3 domain containing 3 -0,908928 0,120407
71 Myo1d Myosin ID -0,711134 0,120505
72 Tubd1 Tubulin, delta 1 33,33 0,124497
73 Ska1 Spindle and kinetochore associated complex subunit 1 33,33 0,124497
74 Fam65a Family with sequence similarity 65, member A -1,0518 0,124918
75 Dnahc1 Dynein, axonemal, heavy chain 1 -1,39517 0,127394
76 mt-Nd6 NADH dehydrogenase 6, mitochondrial -0,805532 0,127994
77 Pom121 Nuclear pore membrane protein 121 33,33 0,127994
78 Bmpr2 Bone morphogenetic protein receptor, type II (serine/threonine kinase) -0,708527 0,129371
79 Hist1h1a Histone cluster 1, H1a 1,21029 0,129371
80 Ptprg Protein tyrosine phosphatase, receptor type, G -0,688689 0,129504
81 Eif2c2 Argonaute RISC catalytic subunit 2 -0,799781 0,134313
82 Arhgap31 Rho GTPase activating protein 31 -0,642048 0,134313
83 Igfbp3 Insulin-like growth factor binding protein 3 0,800809 0,158183
84 D730039F16Rik CutA divalent cation tolerance homolog-like 33,33 0,163078
85 Pkd1 Polycystic kidney disease 1 homolog -0,696951 0,16421
86 Baz2a Bromodomain adjacent to zinc finger domain, 2A -0,812446 0,168588
87 Atp5k ATP synthase, H+ transporting, mitochondrial F1F0 complex, subunit E 1,02612 0,169495
88 Cd276 CD276 antigen 33,33 0,172103
89 Gm10277 Predicted gene 10277 -33,33 0,174175
90 Dock6 Dedicator of cytokinesis 6 -0,848506 0,175012
91 Parp4 Poly (ADP-ribose) polymerase family, member 4 -0,838119 0,175012
92 Plxna2 Plexin A2 -0,703027 0,175012
93 Sdf2l1 Stromal cell-derived factor 2-like 1 1,20602 0,178254
94 Nsun5 NOL1/NOP2/Sun domain family, member 5 33,33 0,178254
95 Crtc3 CREB regulated transcription coactivator 3 -1,0953 0,182596
96 Sh3pxd2a SH3 and PX domains 2A -0,669411 0,182596
97 Arid1a AT rich interactive domain 1A (SWI-like) -0,819629 0,182803
98 Crim1 Cysteine rich transmembrane BMP regulator 1 (chordin like) -0,714825 0,185107
99 Smarca1 SWI/SNF related, matrix associated, actin dependent regulator of chromatin, subfamily a, member 1 33,33 0,18851

100 2900026A02Rik RIKEN cDNA 2900026A02 gene -1,04303 0,191335
101 Fmnl2 Formin-like 2 -0,82042 0,191335
102 Shank2 SH3/ankyrin domain gene 2 -1,65139 0,193573
103 Pabpc1 Poly(A) binding protein, cytoplasmic 1 -0,800107 0,193573
104 mt-Nd4 NADH dehydrogenase 4, mitochondrial -0,676625 0,197356
105 Brd4 Bromodomain containing 4 -0,965817 0,198125
106 Hspg2 Perlecan (heparan sulfate proteoglycan 2) -0,768995 0,198125
107 Reck Reversion-inducing-cysteine-rich protein with kazal motifs -0,854115 0,198715

Genes with FDR between 0.10 and 0.20

Supplementary Table S1. Differential gene expression determined by RNAseq in the lung of UBC-CreERT2; Igf1rfl/fl mutant mice (FDR < 0.2)



Supplementary Table S2. Biological functions and differentially expressed genes 
found with significant changes after RNAseq in the lung of UBC-CreERT2; Igf1rfl/fl 
mutant mice (FDR < 0.1). 

Biological functions Up-regulated genes Down-regulated genes 

Development and growth Saa3, Mki67, Kif11, Fancf, 
Ppp1r3c, Rps7 

Epas1, Npnt, Pcdh1, Lox, Tenc1, Zbtb16, 
Zfhx3, Notch3, Foxo1, Apol11b, Syngap1, 

Crebbp, Prprb, Luc7l2, Nav2, Prrc2c, Ep300, 
Abi3bp, Tgfbr3, Efnb2 

Transcriptional regulation Hist1h1d, Hist1h2bb, Ppp1r3c, 
Rps7 

Srrm2, Nr1d2, Epas1, Zbtb34, Med13l, 
Zbtb16, Zfp518b, Zfhx3, Notch3, Foxo1, 
Crebbp, Hr, Tet3, Luc7l2, Mlxip, Polr2a, 

Ep300, Hnrnpul2 

Epigenetics Top2a, Hist1h1d, Hist1h2bb, Fancf Mll2, Foxo1, Rab6b, Crebbp, Tet3, Polr2a, 
Ep300 

Inflammation and Immune 
response 

Saa3, Spon2, Lyz1, Marco Nr1d2, Slco2a1, Muc5b, Foxo1, Trim25, 
Tgfbr3 

Protumoral activity Tp2a, Mki67 Epas1, Mll2, Atp2a3, Notch3, Trim25, 
Prrc2c, Abi3bp, Efnb2 

Hypoxia, redox and oxidative 
stress 

Gpx8, Cyp1a1 Nr1d2, Epas1, mt-Nd5, Foxo1, Hr, mt-Cytb, 
Ep300, Tgfbr3 

Cell adhesion and migration Spon2 Npnt, Pcdh1, Tenc1, Svep1, Nav2, Tgfbr3, 
Efnb2 

Tumor suppression - Zbtb16, Lox, Zfhx3, Notch3, Foxo1, Ep300, 
Tgfbr3 

Respiratory diseases Saa3, Marco Epas1, Pcdh1, Muc5b, Notch3 

Vascular permeability and 
Hypertension 

Spon2 Epas1, Lox, Foxo1, Ptprb 

Insulin regulation and 
resistance 

Saa3 Epas1, Mll2, Atp2a3, Foxo1 

Metabolism Ces1g, Ppp1r3c Nr1d2, Foxo1, Gdpd3 

Regulated by Igf action and 
signalling 

- Muc5b, Lox, Foxo1, Crebbp, Efnb2 

Detoxification and damage 
resistance 

Cyp1a1, Spon2, Ces1g Epas1, Notch3 

Cell transport - Atp2a3, Apol11b, Rab6b 

Ciliary motility Kif11 Hydin, Dnahc6 

Other/Unknown Gnptg, Ppp1r2-ps4, Ac147987.1 Cyyr1, Pcnx, Snhg11, C030017K20Rik, 
Syngap1 

 



Supplementary Table S3. Differential BALF cell counts represented as the percentage 
of each cell type to total cell counts in Igf1rfl/fl and UBC-CreERT2; Igf1rfl/fl mice.  

Cell type Condition Igf1rfl/fl CreERT2 

Neutrophils SAL 0.833 ± 0.166 0.833 ± 0.396 

BLM 55.416 ± 1.535 17.250 ± 3.119 *** 

Macrophages SAL 97.583 ± 0.567 98.998 ± 0.192 

BLM 37.166 ± 2.558 73.250 ± 2.495 *** 

Lymphocytes SAL 1.583 ± 0.416 0.999 ± 0.360 

BLM 8.333 ± 0.990 9.500 ± 1.040 

Data are expressed as mean ± SEM. *** p <0.001, when comparing Igf1rfl/fl vs. UBC-
CreERT2; Igf1rfl/fl on each condition. SAL, saline; BLM, bleomycin. 



Supplementary Table S4. Primer sets used for qRT-PCR. 

Gene Accession No. Forward primer (5´-3´) Reverse primer (5´-3´) 
Adgre1 NM_010130.4 ATACCCTCCAGCACATCCAG CTCCCATCCTCCACATCAGT 

Aqp5 NM_009701 GGTGGTCATGAATCGGTTCAGC GTCCTCCTCTGGCTCATATGTG 

Cd209a NM_133238.5 GAGATGACGGCTGGAATGAC AGATGGTGGAGGGAGTTGG 

Csf1 NM_007778.4 CGAGTCAACAGAGCAACCAA TGCTTCCTGGGTCAAAAATC 

Cxcl1 NM_008176.3 ATCCAGAGCTTGAAGGTGTTG GTCTGTCTTCTTTCTCCGTTACTT 

Foxo1 NM_019739.3 TTCTCTCGTCCCCAACATCT TGCTGTCCTGAAGTGTCTGC 

Gpx8 NM_027127.2 ACATTCCCCATCTTCCACAA ATTCCACCTTGGCTCCTTCT 

Hif1a NM_010431.2 TTGGAACTGGTGGAAAAACTG ACTTGGAGGGCTTGGAGAAT 

Igf1 NM_010512 CAGAAGCGATGGGGAAAAT GTGAAGGTGAGCAAGCAGAG 

Igf1r NM_010513 ATGGCTTCGTTATCCACGAC AATGGCGGATCTTCACGTAG 

Igfbp3 NM_008343.2 GCCCTCTGCCTTCTTGATTT TCACTCGGTTATGGGTTTCC 

Igfbp5 NM_010518.2 GATGAGACAGGAATCCGAACAAG AATCCT TTGCGGTCACAGTTG 

Il1b NM_008361.3 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

Il6 NM_031168.1 ACGGCCTTCCCTACTTCACA CATTTCCACGATTTCCCAGA 

Il13 NM_008355.3 GCCTCCCCGATACCAAAAT CTTCCTCCTCAACCCTCCTC 

Insr NM_010568.2 TCCTGAAGGAGCTGGAGGAGT CTTTCGGGATGGCCTGG 

Ly6g NM_001310438.1 CCTGGTTTCAGTCCTTCTGC CACACACTACCCCCAACTCA 

Marco NM_010766.2 TCCCTGTGATGGAGACCTTC GTGAGCAGGATCAGGTGGAT 

Rn18s NR_003278.3 ATGCTCTTAGCTGAGTGTCCCG ATTCCTAGCTGCGGTATCCAGG 

Sftpc NM_011359 GAAGATGGCTCCAGAGAGCATC GGACTCGGAACCAGTATCATGC 

Tnf NM_013693.3 GCCTCTTCTCATTCCTGCTTG CTGATGAGAGGGAGGCCATT 
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Abstract

Background: Asthma is a common chronic lung disease characterized by airflow

obstruction, airway hyperresponsiveness (AHR), and airway inflammation. IGFs have

been reported to play a role in asthma, but little is known about how the insulin-like

growth factor 1 receptor (IGF1R) affects asthma pathobiology.

Methods: Female Igf1r-deficient and control mice were intranasally challenged with

house dust mite (HDM) extract or PBS five days per week for four weeks. Lung

function measurements, and bronchoalveolar lavage fluid (BALF), serum, and lungs

were collected on day 28 for further cellular, histological, and molecular analysis.

Results: Following HDM exposure, the control mice responded with a marked AHR

and airway inflammation. The Igf1r-deficient mice exhibited an increased expression

of the IGF system and surfactant genes, which were decreased in a similar manner

for control and Igf1r-deficient mice after HDM exposure. On the other hand, the

Igf1r-deficient mice exhibited no AHR, and a selective decrease in blood and BALF

eosinophils, lung Il13 levels, collagen, and smooth muscle, as well as a significant

depletion of goblet cell metaplasia and mucus secretion markers after HDM expo-

sure. The Igf1r-deficient mice displayed a distinctly thinner epithelial layer than con-

trol mice, but this was not altered by HDM.

Conclusions: Herein, we demonstrate by the first time that the Igf1r plays an

important role in murine asthma, mediating both AHR and mucus secretion after

HDM exposure. Thus, our study identifies IGF1R as a potential therapeutic target,

not only for asthma but also for hypersecretory airway diseases.

K E YWORD S

airway hyperresponsiveness, allergy, asthma, house dust mite, Igf1r

1 | INTRODUCTION

Asthma is a chronic inflammatory disease of conducting airways

characterized by airflow obstruction, bronchial hyperresponsiveness,

and airway inflammation. It is widely considered that the airway

epithelium is an essential controller of inflammatory, immune, and

regenerative responses in asthma. In response to allergen stimula-

tion, the airway epithelium secretes fluids, antimicrobial proteins,

and mucins which together with club cells represent a major part of

the immunomodulatory barrier of the airway epithelium and orches-

trate pulmonary innate immunity.1,2 Geographical variations notwith-

standing, the majority of allergic asthmatic individuals are sensitive

to house dust mite (HDM). HDM exhibits a complex mixture of

molecules including proteases, allergen epitopes, and activators ofMA and JGP share senior authorship.
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the innate immune system serving as adjuvants to disrupt intercellu-

lar tight junctions leading to cytokine, chemokine, and growth factor

production and cellular influx, as well as airway remodeling and

mucus hypersecretion.3–5

The insulin-like growth factor 1 receptor (IGF1R) is a ubiqui-

tously expressed membrane-bound tyrosine kinase receptor and a

central member of the IGF system. This network comprises two

major ligands (IGF1 and IGF2), different receptors and regulatory

proteins, including IGF-binding proteins (IGFBPs), acting together to

control multiple cellular functions such as growth, proliferation, dif-

ferentiation, survival, adhesion, and migration.6,7 It has been reported

that IGF1 is an important mediator of airway inflammation and

remodeling in asthma and that IGFBP3 blocks the specific physiology

of these pathological consequences.8–10 As the mechanisms of the

IGF system in asthma are not defined, we aimed to study the impli-

cation of Igf1r in asthma. For this purpose, we subjected the Igf1r

conditional mutant mice UBC-CreERT2; Igf1rfl/fl (CreERT2)11 to

repeated HDM exposure. We demonstrate that Igf1r plays an impor-

tant role in asthma, with implications in allergic inflammation, airway

remodeling, mucus production, and AHR. As such, IGF1R may now

be considered as a potential therapeutic target for asthma and other

hypersecretory airway diseases.

2 | MATERIALS AND METHODS

2.1 | Ethical statement

All experiments and animal procedures conducted in Spain were car-

ried out in accordance with the guidelines of the European Commu-

nities Council Directive (86/609/EEC) and were revised and

approved by the CIBIR Bioethics Committee (ref. 03/12). All animal

handling, including the experimentation conducted in Sweden, was

carried out in accordance with ethical permit N152/15 approved by

the Regional Committee of Animal Experimentation Ethics (Stock-

holm, Sweden).

2.2 | Igf1r-deficient mice and HDM sensitization
protocol

UBC-CreERT2; Igf1rfl/fl (CreERT2) mice were used to induce a postna-

tal Igf1r conditional gene deletion using Igf1rfl/fl mice as experimental

controls, as previously described.11 This transgenic line was in a

C57BL/6-enriched (at least six generation backcrosses to C57BL/6

strain) mixed genetic background. Eight- to 10-week-old female mice

were challenged by intranasal administration with 40 lg of HDM

extract (Greer Laboratories Inc, Lenoir, NC, USA) in 20 lL of PBS

(2 mg/mL) or equal volume of PBS under light isoflurane anesthesia,

five days a week for four weeks (Figure 1). Females were used due

to their reported higher susceptibility to allergic airway inflamma-

tion.12 In addition, female mice present a less aggressive behavior,

reducing casualties during transport between institutions and long

experimental protocols implying intensive animal handling. All ani-

mals were bred and maintained under specific pathogen-free condi-

tions at CIBIR and Karolinska Institutet animal facilities.

2.3 | In vivo measurement of pulmonary mechanics

Of 24 h after the final HDM exposure (day 28), mice were deeply

anesthetized with a combination of Hypnorm (2.5 lL/g) and midazo-

lam (12.5 lg/g), and lung function following exposure to increasing

concentrations of aerosolized methacholine was evaluated using the

flexiVent system (Scireq, Montreal, QC, Canada). Newtonian resis-

tance (Rn), tissue damping (G), and tissue elastance (H) were deter-

mined by assuming a constant-phase model.

2.4 | Tissue collection and preparation

Bronchoalveolar lavage was performed immediately after pulmonary

mechanics measurements. Lungs were lavaged twice with 0.8 mL

cold PBS. Blood was collected by cardiac puncture, and serum was

obtained by centrifugation and stored at �20°C until further usage.

Following lung dissection, the left lung was removed and fixed in 4%

formaldehyde and subsequently embedded in paraffin for

histopathology and immunohistochemistry. Right lobes were sepa-

rated and snap-frozen in liquid nitrogen for quantitative real-time

PCR (qRT-PCR), Western blot (WB), and ELISA analyses.

2.5 | Quantification of BALF

Total cell number was counted and expressed as cells/mL BALF, and

differential cell counts were performed on May-Gr€unwald/Giemsa

(Sigma-Aldrich, St. Louis, MO, USA)-stained cytospins, counting a

F IGURE 1 Protocol for intranasal exposure to house dust mite. Eight- to 10-week-old female UBC-CreERT2; Igf1rfl/fl mice (CreERT2) and

their controls (Igf1rfl/fl) 11 were challenged by intranasal administration of 40 lg of house dust mite (HDM) extract in 20 lL of phosphate
buffer saline (PBS) (2 mg/mL) or equal volume of PBS under inhaled isoflurane anesthesia, five days a week during four weeks. Lung function
assessment and BALF, serum, and lungs were collected 24 h after the last exposure on day (D) 28
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minimum of 300 cells per slide in a blinded fashion. Cells were

distinguished into macrophages, lymphocytes, neutrophils, and eosi-

nophils by standard morphology.

2.6 | Histopathological analysis and immunostaining

Paraffin-embedded tissues were cut into 3-lm sections for

histopathological evaluation or immunohistochemistry. Hematoxylin

and eosin (H&E) staining was performed for quantification of

inflamed lung areas and airway thickness. Periodic acid-Schiff (PAS)

and Masson’s trichrome staining protocols served to assess airway

epithelial goblet cell abundance and collagen deposition, respectively.

Immunostaining was performed using the following antibodies: a-

SMA (Clone 1A4 1:100, Sigma-Aldrich, St. Louis, MO, USA), Scgb1a1

(Clone T18 1:400, Santa Cruz Biotech. Inc., Dallas, TX, USA), GluTub

(Clone TU-20 1:300, EMD Millipore, Billerica, MA, USA), and

Muc5ac (Clone 45M1 1:50, Thermo Fisher Scientific, Waltham, MA,

USA). Histological quantifications were performed using six animals

per condition evaluating four airways per animal. Quantification of

PAS-, Scgb1a1-, GluTub-, and Muc5ac-positive cells was expressed

as the number of positive cells per epithelium length (mm), and both

the smooth muscle and airway thickness were assessed by means of

three different measurements per airway. Fiji open-source image

processing software package (http://fiji.sc) was used to quantify the

percentage of collagen area as well as for epithelium length mea-

surements.

2.7 | RNA isolation, reverse transcription,
and qRT-PCR

Inferior lung lobes were homogenized in TRIzol (Invitrogen, Carlsbad,

CA, USA), and total RNA was isolated using an RNeasy Mini Kit

(Qiagen, Hilden, Germany) and reverse-transcribed to cDNA using

SuperScript II First-Strand Synthesis System (Invitrogen) as per the

manufacturer’s specifications. cDNA samples were then amplified by

qRT-PCR in triplicate reactions for each primer pair assayed

(Table S1) on a 7300 Real-Time PCR Instrument (Applied Biosys-

tems, Foster City, CA, USA), using SYBR Premix Ex Taq (Takara Bio

Inc., Kusatsu, Japan). Results were normalized using 18S rRNA gene

as endogenous control.

2.8 | ELISAS

Serum total IgE levels were assessed with an IgE mouse ELISA kit

(Abcam, Cambridge, UK), and Il13 levels were determined in homog-

enized tissue lysates using the middle lung lobes with a mouse IL-13

Duoset ELISA Kit (R&D Systems, Minneapolis, MN, USA), according

to the manufacturer’s guidelines.

2.9 | Western blot analysis

Superior lung lobes were solubilized in a 10 mM Tris/HCl (pH 7.4)

buffer containing 0.1% sodium dodecyl sulfate, a protease inhibitor

mixture, and DNase (Promega, Fitchburg, WI, USA). Samples were

separated on NuPAGE Novex 4-12% Bis-Tris Gel (Invitrogen) and

transferred to a polyvinylidene difluoride membrane (EMD Millipore).

Membranes were incubated with primary antibodies for Igf1r (#3027

Cell Signaling Inc., Danvers, MA, USA) and beta-actin (ab6276

Abcam, Cambridge, UK) at 1:1000 and 1:30000 dilutions, respec-

tively, and then incubated with horseradish peroxidase-conjugated

anti-rabbit or anti-mouse antibodies (DAKO, Agilent technologies,

Santa Clara, CA, USA) for Igf1r and beta-actin, respectively, at a 3:10

dilution. Signal was detected using ECL Western Blot Substrate

(Thermo Fisher Scientific) and Hyperfilm ECL (GE Healthcare, Little

Chalfont, UK). Films were scanned, and signals in the linear range

were quantified using Fiji and normalized to beta-actin levels.

2.10 | Statistics

Statistical analyses were performed using SPSS Statistics Software

v21 for Windows (IBM, Armonk, NY, USA). Differences between

experimental groups were evaluated for significance using Mann-

Whitney U and Dunn-Sidak multiple comparison tests. Results are

shown as mean values � standard error of the mean (SEM). For all

analysis, a P value <.05 was considered statistically significant.

3 | RESULTS

3.1 | Depletion of Igf1r in CreERT2 mutant mice
and changes in expression of IGF system genes
after the HDM challenge

To verify the Igf1r depletion and investigate the influence of allergic

inflammation on the IGF system, qRT-PCR and WB analyses were

performed on lung extracts of CreERT2 mutant mice and their con-

trol littermates (Igf1rfl/fl)11 after four weeks of repeated exposure to

PBS or HDM (Figure 1). mRNA expression levels demonstrated an

efficient depletion of Igf1r in CreERT2 PBS-treated mice (90%) and

without changes between HDM-treated groups. In addition, HDM

treatment decreased Igf1r mRNA levels in Igf1rfl/fl mice (81%) (Fig-

ure 2A). WB analysis corroborated these results, showing a signifi-

cant reduction in Igf1r protein levels in CreERT2 PBS-treated mice

(87%), and no differences between HDM-treated groups (Figure 2B).

Igf1r deficiency caused a significant increase in mRNA expression of

Igf1 and Insr expression levels in PBS-treated mice, but not for Igf-

bp3 and Igfbp5. Even though HDM treatment significantly reduced

the expression levels of Insr, Igfbp3, and Igfp5 in both genotypes

without affecting Igf1, Igf1r depletion led to a significant increase in

the expression of all IGF system genes measured (Figure 2C).

3.2 | Igf1r deficiency improves lung function and
counteracts allergic airway inflammation and airway
remodeling in HDM-treated mice

To assess whether Igf1r deficiency has an effect on lung mechanics,

we measured airway responsiveness to inhaled methacholine
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(Figure 3). Compared with PBS, HDM-challenged Igf1rfl/fl mice dis-

played AHR with an increased response for the proximal, Rn, and

distal parameters, G and H. The AHR seen in both the proximal and

distal parts of the lung was, however, not present in CreERT2 HDM-

treated mice, which showed similar functional responses as PBS-

treated mice. These findings show that Igf1r deficiency improves

mouse lung function at both central and peripheral levels after

HDM-mediated asthma.

Although we did not find differences counting circulating macro-

phages, lymphocytes, and neutrophils, HDM-treated Igf1rfl/fl mice

showed increased eosinophil numbers in blood (4-fold), when com-

pared to PBS-treated. The CreERT2 HDM-challenged mice did not

show such an increase when compared to PBS-treated (Figure 4A).

Allergen-treated Igf1rfl/fl mice demonstrated a significant increase in

total cells in BALF (8-fold) compared to PBS-treated control mice.

HDM-challenged CreERT2 mice also displayed an increase in total

F IGURE 2 Efficient depletion of Igf1r and changes in expression of the IGF system genes in lungs of CreERT2 mice after HDM-induced

allergic airway inflammation. (A) Igf1r mRNA expression levels normalized to 18S expression; (B) representative Western blots for Igf1r and
graphical representations of densitometric measurements of band intensities normalized to beta-actin levels; and (C) lung tissue mRNA
expression of IGF system-related genes in PBS- and HDM-exposed Igf1rfl/fl and CreERT2 mice. Numbers within graphic bars indicate the

number of mice analyzed, and data are expressed as mean � SEM. *P<.05; **P<.01; ***P<.001 (Mann-Whitney U and Dunn-Sidak multiple
comparison tests). HDM, house dust mite; PBS, phosphate buffered saline

F IGURE 3 Igf1r deficiency decreases AHR after house dust mite challenge. Resistance of conducting airways (Rn), tissue damping (G), and
tissue elastance (H) to MCh evaluated with the flexiVent system. Numbers in graphic legends indicate the number of mice analyzed, and data are
expressed as mean � SEM. * Igf1rfl/fl + HDM vs CreERT2 + HDM; # Igf1rfl/fl + HDM vs Igf1rfl/fl + PBS. One symbol, P<.05; two symbols, P<.01;

three symbols, P<.001 (Dunn-Sidak multiple comparison test). MCh, methacholine; HDM, house dust mite; PBS, phosphate buffered saline
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cell numbers (6-fold), although significantly lower than that observed

in Igf1rfl/fl mice (Figure 4B). Differential cell counts in BALF from

Igf1rfl/fl and CreERT2 mice exhibited a marked increase in lymphocyte

(49- and 25-fold, respectively) and neutrophil (45- and 40-fold,

respectively) numbers in HDM-challenged mice, without significant

differences between genotypes. The eosinophils were also increased

after HDM in Igf1rfl/fl mice (40-fold); however, this phenomenon was

not observed in CreERT2 mice, which roughly showed basal eosino-

phil counts (Figure 4B).

We found that in HDM-exposed mice, the total IgE concentra-

tion in serum was highly increased in both genotypes after HDM

exposure when compared to PBS-exposed mice (>90%) (Figure 4C).

In addition, we found that the level of Il13 in lung homogenates was

significantly higher in HDM-treated Igf1rfl/fl mice compared to PBS-

exposed mice (27%), whereas HDM-challenged CreERT2 lungs dis-

played normal values (Figure 4D).

In an attempt to determine how Igf1r deficiency protects against

HDM-mediated allergic airway inflammation at the histopathological

level, we measured several asthma-related features in airways:

inflamed lung area, number of PAS+ cells, collagen staining, and

smooth muscle thickness. Assessment of all of these features

revealed increased values in HDM-challenged lungs of both geno-

types compared to their PBS-treated controls. Measurements that

were markedly increased in case of Igf1rfl/fl mice displayed a milder

increase in allergen-treated CreERT2 lungs (Figure 5).

3.3 | Igf1r depletion attenuates airway
hyperreactivity and enhances surfactant expression

As we have previously reported that Igf1r deletion alters airway

epithelium morphology and cellular composition,11,13 we next mea-

sured airway wall thickness in the four experimental groups. Accord-

ingly, CreERT2 mice showed a significantly thinner airway after both

treatments. However, whereas in Igf1rfl/fl mice, HDM challenge

induced airway thickening (19%), HDM-exposed CreERT2 mutant

lungs did not show such thickness (Figure 6A). To validate the

increase in PAS+ cell numbers we observed, mRNA levels of Muc5ac

and the master regulator Spdef were measured. As expected, HDM-

challenged Igf1rfl/fl lungs showed significantly increased Muc5ac

levels (16-fold) with respect to PBS-exposed controls. HDM-

F IGURE 4 Igf1r depletion attenuates the increase in blood and BALF eosinophils, and Il13 levels in lung homogenate after exposure to

house dust mite. (A) Peripheral white blood cell counts on blood smear preparations; (B) total and differential cell counts performed on
cytospin preparations of BALF; and (C) serum total IgE and (D) Il13 levels in lung homogenate quantified by ELISA. Numbers within graphic
bars indicate the number of mice analyzed, and data are expressed as mean � SEM. **P<.01; ***P<.001 (Dunn-Sidak multiple comparison

test). HDM, house dust mite; PBS, phosphate buffered saline
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challenged CreERT2 mice also demonstrated increased Muc5ac levels

with respect to PBS-treated mice; however, this increase was signifi-

cantly lower than that observed in Igf1rfl/fl mice (7-fold) (Figure 6B,

left). Correspondingly, mRNA levels of the master regulator Spdef

were also reduced in HDM-challenged CreERT2 mice (42%) (Fig-

ure 6B, right). Immunohistochemical analyses of the airway epithe-

lium cellular composition in HDM-exposed lungs revealed a

significant decrease in Scg1a1+ club cells (35%) and a concomitant

increase in GluTub+ cells in CreERT2 mice (17%). Furthermore, the

proportion in Muc5ac+ cells was also diminished in Igf1r-deficient

mice (50%) (Figure 6C).

Finally, to elucidate how Igf1r depletion improves peripheral lung

function, we evaluated mRNA expression levels of the surfactant

markers Sftpa1, Sftpb, Sftpc, and Sftpd (Figure 6D). Igf1r deficiency

caused a generalized increase in all markers measured after both

PBS and HDM treatments, although Sftpc changes were not signifi-

cant in PBS-exposed mice. In addition, whereas Sftpa1 and Sftpd

levels showed similar changes in expression levels in PBS- and

HDM-challenged mice, Sftpc levels were significantly reduced in

HDM-challenged mice of both genotypes, and Sftpb was only found

to be reduced in Igf1rfl/fl animals.

4 | DISCUSSION

The present study shows that the marked AHR and airway inflam-

mation induced by HDM in control mice were absent or attenuated

in the Igf1r-deficient mice. This is the first study to report that

F IGURE 5 Reduced allergic airway inflammation, goblet cell hyperplasia, collagen content, and smooth muscle thickness in Igf1r-deficient
mice after HDM exposure. Representative images of proximal airways showing inflamed lung areas (left) (scale bar: 0.5 mm); mucus-producing

cells per epithelium length (red arrowheads in insets) (center left) and airway collagen content (center right) (scale bars: 50 lm); and smooth
muscle thickness (right) (scale bar: 20 lm). Bottom graphs represent quantification of the abovementioned parameters. Numbers within graphic
bars indicate the number of mice analyzed, and data are expressed as mean � SEM. *P<.05; **P<.01; ***P<.001 (Dunn-Sidak multiple
comparison test). H&E, hematoxylin and eosin; PAS, periodic acid-Schiff; a-SMA, alpha-smooth muscle actin; AW, airway; HDM, house dust

mite; PBS, phosphate buffered saline; SM, smooth muscle
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F IGURE 6 Attenuation of airway hyperreactivity and mucus secretion and increased expression of surfactant markers in HDM-exposed
Igf1r-deficient mice. (A) Proximal airway wall thickness; (B) lung mRNA expression of the mucus secretion markers Muc5ac and Spdef
normalized to 18S expression; (C) proportion of club (in red) and ciliated (in green) cells and quantification of Muc5ac (in red)-positive cells in

terminal and proximal bronchioles, respectively; and (D) changes in mRNA expression of surfactant (Sftp) markers a1, b, c, and d in CreERT2
mice. Scale bars: 20 lm. Numbers within graphic bars indicate the number of mice analyzed, and data are expressed as mean � SEM. *P<.05;
**P<.01; ***P<.001 (Mann-Whitney U test and Dunn-Sidak multiple comparison test). HDM, house dust mite; PBS, phosphate buffered saline;

tb, terminal bronchioles; pb, proximal bronchioles; Scgb1a1, secretoglobin 1A1; GluTub, Glu tubulin; Muc5ac, mucin 5ac
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Igf1r can be important for both AHR and airway inflammation in

asthma.

Igf1r-deficient mice are bred from a C57BL/6 genetic back-

ground, which usually do not display strong airway inflammation or

AHR in response to allergen challenge.14,15 To overcome this con-

straint, a specific protocol using repetitive exposures to HDM during

four weeks was used to induce AHR. HDM exposure decreased the

Igf1r levels in Igf1rfl/fl mice similarly to those observed in the

CreERT2 animals. Although the mechanism behind this unexpected

reduction is unknown, it could be a long-term effect occurring after

tissue remodeling has been established. We also observed an

increased expression of additional IGF system genes in CreERT2

mutant lungs. The upregulation of Igf1, Insr, Igfbp3, and Igfbp5 in

PBS-exposed mice is possibly a compensatory effect in response to

Igf1r deficiency, as we have previously reported in lungs from mice

with compromised Igf1r signaling in the respiratory epithelium.13

Accordingly, it has been previously reported that exogenous Igfbp3

and Igfbp5 administration blocks physiological consequences of

asthma in OVA-challenged mice and enhances epithelial cell

adhesion to maintain the epithelial-mesenchymal boundary.8,9,16

Thus, Igfbp3 and Igfbp5 could mediate protective properties against

HDM-mediated allergic inflammation.

A marked increase in AHR was found in both the proximal and

distal parts of Igf1rfl/fl mice after HDM exposure, as has been

reported in mice subjected to a similar allergenic challenge.17,18 The

repeated exposure of mice to HDM also increased total cell number

in BALF as well as airway remodeling parameters such as cell hyper-

plasia, collagen deposition, smooth muscle cells, and mucus produc-

tion, all findings previously reported.5 Furthermore, increases in

airway thickness, serum total IgE, and lung Il13 levels similar to

those observed herein have also been reported elsewhere.17,19,20 All

of these features were reflected in Igf1rfl/fl HDM-challenged lungs

and support the effectiveness of our HDM sensitization protocol.

Interestingly, the HDM-induced effects for several of our mea-

sured parameters were decreased in the CreERT2 mice. In particular,

AHR was not found in the Igf1r-deficient mice. AHR is considered to

be dependent on several features, such as remodeling and mucus

production.21,22 These features were all found decreased, albeit not

totally normalized in the CreERT2 Igf1r-deficient mice. On this basis,

it was recently reported that Igf1r plays an important role in the ini-

tiation of the inflammatory process23 and that Igf1r signaling pro-

motes activation of the NF-kB pathway, a critical regulator of

immune responses orchestrating HDM-induced airway inflammation,

AHR, and fibrotic remodeling.24,25 In a lung fibrosis model, it was

reported that Igf1r blockade decreased a-SMA protein expression

and collagen content in bleomycin-injured mice.26,27 Blockade of Il13

activity after chronic HDM sensitization has been shown to reduce

eosinophilia in BALF, peribronchial collagen, and goblet cell hyper-

plasia, findings that are in accordance with our observation that Il13

levels were not altered by HDM exposure in lungs from CreERT2

mutant mice.20

Whereas HDM caused a clear increase in eosinophils in blood

and BALF of Igf1rfl/fl mice, their levels remained close to basal in

CreERT2 Igf1r-deficient mice. It has been previously shown that Igf1r

deregulation decreases the number of peripheral white blood cells,

thus providing evidence implicating Igf1r in promoting bone marrow

myeloid cell generation.28,29 The reduced eosinophil counts observed

in blood and BALF from CreERT2 mutant mice led us to speculate

that Igf1r could have an important role in proliferation and/or differ-

entiation of myeloid progenitors and their recruitment to the lung,

especially with respect to eosinophils. Further studies are needed to

confirm this hypothesis.

The reduced proportion of club cells found in distal airways of

CreERT2 mutant lungs is in accordance with recent data published

by our group where a lung epithelial-specific Igf1r deficiency in mice

caused delayed differentiation of club cells in terminal bronchioles.13

In response to allergen stimulation, club cells differentiate into goblet

cells through transcriptional activation of the master regulator Spdef.

Subsequently, the increase in Muc5ac expression through transcrip-

tional activation of Spdef in goblet cells contributes to both goblet

cell hyperplasia and mucus hyperproduction.30,31 In this context,

delayed club cell differentiation in CreERT2 airways may result in

decreased transdifferentiation into goblet cells, with a concomitant

reduction in goblet cell hyperplasia and mucus production. In accor-

dance with depleted Spdef and Muc5ac expression in CreERT2 mice,

Spdef-deficient mice showed an improved lung function as well as a

reduced number of BALF eosinophils, and targeted silencing of

SPDEF in airway epithelial cells in vitro reduces MUC5AC expres-

sion.32,33 Furthermore, Muc5ac deficiency in mice abolishes AHR

and inflammation.22,34 As such, a reduction in mucus production may

contribute to the improved lung function in CreERT2 mutant mice

observed in our study. It has also been demonstrated that Il13 stim-

ulation of human airway epithelial cells induced MUC5AC expres-

sion.35 Together, these findings support a role for Igf1r in lung

airway epithelium transdifferentiation to the mucosecretory cell fate

during chronic allergic airway inflammation.

Pulmonary surfactant proteins are essential for lung function and

homeostasis after birth.36 While surfactant proteins B and C showed

a critical role in the preservation of lung function, the immunomodu-

latory proteins A and D were reported to play an important role dur-

ing allergic airway inflammation.37–40 Here, we show that Igf1r

deficiency causes a general increase in surfactant expression basally

and after the HDM challenge. On this basis, we conclude that

increased expression of surfactant markers improves lung function of

CreERT2 mice and also is important for maintenance of homeostasis

in the lung.

Although little is known about the role of IGFs in patients with

asthma, previous reports in humans support data found in mice.

Thus, corticosteroid treatment in asthma can reduce the lamina retic-

ular thickness by reduction of IGF1 expression with consequent inhi-

bition of the airway infiltration by inflammatory cells and therefore

help to prevent remodeling of the airways.41 Moreover, IGFBP3

secreted by IGF1-stimulated airway epithelial cells during allergic

inflammation was suggested to be involved in allergic airway remod-

eling.42 Considering that there are no effective therapies available to

prevent asthma, targeting IGF signaling can be an attractive
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therapeutic strategy. Actually, treatment to inhibit the IGF1 action in

cancer has been performed but did not show a uniform benefit

among patients.43 Conversely, targeting IGF1R, which is currently

being exhaustively evaluated in clinical trials for oncologic patients,44

could be emphasized as an approach for the treatment of asthma.

In conclusion, our results demonstrate that Igf1r plays a key role

in murine asthma with important implications regarding allergic

inflammation, airway remodeling, mucus production, and ultimately

in AHR. Based on this putative prophylactic effect of Igf1r deficiency

in counteracting asthma, it will be interesting to develop a therapeu-

tic model to test whether targeting Igf1r signaling resolves estab-

lished allergic airway inflammation. At present, there are no effective

therapies to treat mucus hyperproduction associated with goblet cell

hyperplasia. Thus, our study identifies IGF1R as a potential target for

therapeutic development, not only for the treatment of asthma but

also for hypersecretory airway diseases.
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Supplementary Table S1. Primer sets used for qRT-PCR. 

Gene Accession No. Forward primer (5´-3´) Reverse primer (5´-3´) 
Igf1r NM_010513 ATGGCTTCGTTATCCACGAC AATGGCGGATCTTCACGTAG 

Igfbp3 NM_008343.2 GCCCTCTGCCTTCTTGATTT TCACTCGGTTATGGGTTTCC 

Igfbp5 NM_010518.2 GATGAGACAGGAATCCGAACAAG AATCCT TTGCGGTCACAGTTG 

Insr NM_010568.2 TCCTGAAGGAGCTGGAGGAGT CTTTCGGGATGGCCTGG 

Muc5ac NM_010844.1 CACACACAACCACTCAACCA TCTCTCTCCGCTCCTCTCAA 

Rn18s NR_003278.3 ATGCTCTTAGCTGAGTGTCCCG ATTCCTAGCTGCGGTATCCAGG 

Sftpa1 NM_023134.4 CCATCGCAAGCATTACAAAG CACAGAAGCCCCATCCAG 

Sftpb NM_147779.2 CTGCTGCTTCCTACCCTCTG ATCCTCACACTCTTGGCACA 

Sftpc NM_011359 GAAGATGGCTCCAGAGAGCAT C GGACTCGGAACCAGTATCATGC 

Sftpd NM_009160.2 TGAGAATGCTGCCATACAGC GAATAGACCAGGGGCTCTCC 

Spdef NM_013891.4 GGCCAGCCATGAACTATGAT GGTAGACAAGGCGCTGAGAG 
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Abstract  

Asthma is a chronic inflammatory disease characterized by bronchial 

hyperresponsiveness, mucus overproduction and airway remodeling. Notably, we have 

recently demonstrated that insulin-like growth factor 1 receptor (IGF1R) deficiency in 

mice attenuates airway hyperresponsiveness and mucus secretion after chronic house 

dust mite (HDM) exposure. On this basis, inbred C57BL/6 and Igf1r-deficient mice 

were given HDM extract to study the acute inflammatory profile and implication of 

Igf1r in acute asthma pathobiology. Additionally, Igf1r-deficiency was therapeutically 

induced in mice to evaluate the resolution of HDM-induced inflammation.  Acute HDM 

exposure in inbred C57BL/6 mice led to a progressive increase in inflammation, airway 

remodeling and associated molecular indicators. Preventively-induced Igf1r-deficiency 

showed reduced neutrophil and eosinophil numbers in BALF and bone marrow, a 

significant reduction of airway remodeling and decreased levels of related markers. In 

addition, therapeutic targeting of Igf1r promoted the resolution of HDM-induced-

inflammation. Our results demonstrate for the first time that Igf1r is important in acute 

asthma pathobiology and resolution of HDM-induced inflammation. Thus, IGF1R is 

suggested to be a promising candidate for future therapeutic approaches for the 

treatment and prevention of asthma.  
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Introduction 

Asthma is a chronic inflammatory disease characterized by airway hyperresponsiveness 

(AHR), mucus overproduction and airway wall remodeling [1]. House dust mite 

(HDM)-derived allergens and specifically those arising from the species 

Dermatophagoides pteronyssinus are the most important source of mite-related 

allergens in asthmatic patients [2]. In response to allergen stimulation the airway 

epithelium secretes fluids, antimicrobial proteins, and mucins, which together with club 

cells represent a major component of the immunomodulatory barrier of the airway 

epithelium [3].  

The insulin-like growth factor 1 receptor (IGF1R) is a ubiquitously expressed tyrosine 

kinase and a central member of the IGF axis. The IGF axis is comprised of two major 

ligands (IGF1 and IGF2), different receptors and regulatory proteins such as IGF-

binding proteins (IGFBPs), acting together to control a number of essential cellular 

functions including proliferation, differentiation, survival, adhesion and migration [4]. 

Although little is known about the role of IGFs in human asthma, IGF1 and IGFBP3 

were suggested to be involved in allergic airway inflammation and remodeling [5,6]. 

Additionally, IGF1R was found to be upregulated in BAL cells of asthmatic patients 

[7]. In mice, IGF1 was reported to be a relevant mediator of allergic airway 

inflammation and remodeling, and that IGFBP3 blocks the specific physiological 

consequences of this pathology [8-10]. Notably, we have recently reported that IGF1R 

plays an important role in initiation of the inflammatory response in mice, and the 

importance of IGF1R in the pathogenesis of murine asthma, mediating both AHR and 

mucus secretion after chronic HDM exposure [11,12]. Thus, we aimed to further 

investigate the involvement of IGF1R in allergic airway inflammation. For this purpose, 

Igf1r deficiency was preventively or therapeutically induced in mice to evaluate the 
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implication of Igf1r in acute asthma pathobiology and resolution of airway 

inflammation following HDM exposure. The main finding of this study is that 

therapeutic targeted deletion of Igf1r resolves HDM-induced inflammation in mice. We 

assert that IGF1R is suggested to be a promising candidate for future therapeutic 

approaches for the treatment and prevention of asthma.  

Materials and Methods 

Ethics approval 

All experiments and animal procedures conducted were carried out in accordance with 

the guidelines of the European Communities Council Directive (86/609/EEC) and were 

revised and approved by the CIBIR Bioethics Committee (refs. JGP02_1 and JGP02_2). 

HDM sensitization protocols and preventive and therapeutic targeting of Igf1r 

Eight- to 10-week-old (W8-10) female mice were intranasally challenged with 

consecutive doses of 40 μg of HDM extract (Greer Laboratories Inc, Lenoir, NC, USA) 

in 20 μl of PBS (2 mg/ml) or equal volume of PBS under light isoflurane anesthesia. 

Females were used due to their reported higher susceptibility to allergic airway 

inflammation [13]. Three different protocols of HDM sensitization were used: i) inbred 

C57Bl/6 mice were given seven doses of HDM extract or PBS and BALF and lungs 

were collected 24 h after the last exposure on days (D) 3, D5 or D7 (acute HDM 

protocol) (Fig 1A); ii) Igf1rfl/fl (controls) and UBC-CreERT2; Igf1rfl/fl mice were treated 

with tamoxifen (TMX) for five consecutive days at four weeks of age to induce a 

postnatal Igf1r gene deletion in UBC-CreERT2; Igf1rfl/fl mice [14]. After TMX 

treatment, UBC-CreERT2; Igf1rΔ/Δ (CreERT2) and Igf1rfl/fl mice were administered with 

seven doses of HDM extract or PBS and bone marrow, serum, BALF and lungs were 

harvested 24 h after last dose on D7 (prophylactic protocol) (Fig 4A); and iii) Igf1rfl/fl 

and UBC-CreERT2; Igf1rfl/fl mice were challenged with seven (first set of animals non-
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treated with TMX and sacrificed at D7) or fourteen doses of HDM extract or PBS 

(second set of animals receiving five consecutive intraperitoneal TMX injections 

between D7 and D11 to induce Igf1r deletion in UBC-CreERT2; Igf1rfl/fl mice, to 

generate CreERT2 mice), followed by serum, BALF and lung tissue collection 24 h 

after the last exposure (therapeutic protocol) (Fig 7A). UBC-CreERT2; Igf1rfl/fl double 

transgenic mice were in a C57BL/6-enriched (at least six generation backcrosses to 

C57BL/6 strain) mixed genetic background. All animals were bred and maintained 

under specific pathogen-free conditions at CIBIR animal facilities. 

Tissue collection and preparation  

Twenty-four hours after the final HDM exposure, animals were euthanized by 

intraperitoneal injection of 10 μl/g of a ketamine-xylazine anesthetic combination in 

saline (300:30 mg/kg respectively). Immediately, lungs were lavaged twice with 0.8 ml 

cold PBS to obtain the bronchoalveolar lavage fluid (BALF). Blood was collected by 

cardiac puncture, and serum was obtained and stored at -80°C until further use. 

Following lung dissection, the left lung was fixed in 4% formaldehyde and embedded in 

paraffin for histopathology. Right lobes were separated and snap-frozen in liquid 

nitrogen for quantitative real-time PCR (qRT-PCR) and ELISA analyses. Additionally, 

femoral bone marrow was isolated as previously described [11]. Three different sets of 

mice were used respectively for BALF, histology/molecular analyses and bone marrow 

cell counts. 

Quantification of BALF and bone marrow  

Total cell number was counted and expressed as cells/ml BALF or bone marrow, and 

differential cell counts were performed on May-Grümbald/Giemsa (Sigma-Aldrich, St. 

Louis, MO, USA)-stained cytospins, counting a minimum of 300 cells per slide or five 
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fields per slide in BALF and bone marrow cytospins, respectively. Determination of 

differential cell counts was performed using standard morphology criteria. 

Histopathological analysis  

Paraffin embedded left lungs were cut into 3 μm sections, evaluating a minimum of four 

airways per animal. Hematoxylin and eosin (H&E) staining was performed for 

quantification of inflamed lung areas and airway thickness. Quantification of 

inflammation was conducted as previously described [11]. Airway thickness was 

assessed by means of three different measurements per airway. Periodic acid-Schiff 

(PAS) and Masson´s trichrome staining protocols served to visualize the degree of 

goblet cell hyperplasia and collagen deposition. Fiji open-source image processing 

software package v1.48r (http://fiji.sc) was used to quantify the area of inflammation, 

airway thickness, collagen content and epithelium length measurements.  

RNA isolation, qRT-PCR and ELISAS  

RNA isolation and qRT-PCR was performed using inferior lung lobes, as previously 

described  [12]. A full list of primer sets used is provided in S1 Table. Cytokines were 

analyzed in serum and tissue homogenate supernatants from middle lung lobes using 

mouse IL13 Duoset and IL10, IL33 and CCL11 Quantikine ELISA Kits (R&D systems, 

Minneapolis, MN, USA).  

Statistical analyses  

Statistical analyses were carried out using SPSS Statistics Software v21 for windows 

(IBM, Armonk, NY, USA). Differences between experimental groups were evaluated 

for significance using the non-parametric Mann-Whitney U test or the Dunn-Sidak test 

for multiple comparisons. Results are shown as mean values ± standard error of the 

mean (SEM). For all analyses, a p value < 0.05 was considered statistically significant.  
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Results 

Characterization of the murine acute allergic profile 

Inbred C57BL/6 mice were subjected to an acute HDM exposure to study the 

progressive changes in BALF and lung (Fig 1A). Total cell counts were significantly 

increased at day D5 and D7, reaching the highest numbers at D7 (Fig 1B-C). 

Differential cell counts in BALF showed a marked increase in lymphocyte, neutrophil 

and eosinophil numbers at D5 and D7, whilst macrophage counts remained unchanged. 

Lymphocyte and eosinophil numbers were higher at D7 without changes in neutrophil 

counts between D5 and D7 (Fig 1B-C).  

Inflamed lung area, airway thickness, number of PAS+ cells and collagen staining were 

only significantly changed at D7, with the exception of the inflamed lung area 

parameter which was increased at D5, although to a lesser degree than at D7 (Fig 2).  

Lung mRNA expression analysis demonstrated a significant up-regulation of the 

allergic airway inflammation markers Il33, Cd4, Il4, Il10, Il13, Ccl11, Ccl2, Cxcl1, Tnf 

and Il1b in addition to the airway remodeling indicators Acta2, Muc5ac and Col1a1. 

Tslp and Ccl5 expression was not found to be induced by HDM, and Il25 expression 

was not able to be measured due to low to undetectable levels (Fig 3A-B). It should be 

noted that mRNA expression of Il33, Cd4, Tnf, Il1b and Col1a1 markers was induced at 

D7 unlike all other markers which were already significantly increased at D5 but in 

general in a lesser extent than at D7. The increased Ccl11 expression was validated by 

CCL11 protein levels (Fig 3C). 

Decreased HDM-induced neutrophilopoiesis and eosinophilopoiesis, and IL13, 

CCL11 and IgE serum levels after preventively-induced Igf1r deficiency 

Together, the results presented in the previous section indicate that D7 is an appropriate 

time point to study the acute allergic phenotype after HDM challenge. Thus, Igf1r 
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deficiency was preventively-induced to study the implication of Igf1r in acute asthma 

pathobiology (Fig 4A).  

Total and differential cell counts in bone marrow cytospins and measurement of serum 

levels of several cytokines and IgE were performed in Igf1r-deficient and Igf1rfl/fl mice. 

Total, neutrophil and eosinophil counts in bone marrow were found to be diminished in 

HDM-treated Igf1r-depleted compared to Igf1rfl/fl lungs. This phenomenon was also 

evident within PBS-treated groups. In spite of Igf1rfl/fl mice showed increased neutrophil 

and eosinophil numbers after HDM treatment, Igf1r-deficient mice did not show such 

an increase (Fig 4B-C). Serum IL33 levels showed only a slight increase in HDM-

exposed Igf1rfl/fl mice. In addition, IL13, CCL11 and IgE levels were significantly 

increased in Igf1rfl/fl mice after HDM treatment, whereas Igf1r-depleted mice exhibited 

normal values (Fig 4D-E).  

Preventively-induced Igf1r deficiency reduces inflammation and remodeling 

features  

Following allergen challenge, Igf1rfl/fl mice demonstrated a significant increase in total 

BALF cells. This effect was less pronounced in Igf1r-deficient mice. HDM-treated 

Igf1rfl/fl and Igf1r-depleted mice showed a marked increase in macrophage, lymphocyte, 

neutrophil and eosinophil numbers in BALF. Notably, Igf1r-deficient mice 

demonstrated a modest decrease in lymphocyte and neutrophil counts along with a 

pronounced reduction in eosinophil numbers respect to Igf1rfl/fl mice (Fig 5A).  

Inflamed lung area, number of PAS+ cells, collagen staining and airway thickness were 

notably decreased in lungs from HDM-treated Igf1r-deficient mice compared to lungs 

from Igf1rfl/fl mice. Whereas HDM induced airway thickening in Igf1rfl/fl mice, this 

phenomenon was not observed in Igf1r-depleted lungs (Fig 5B). 
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Preventively-induced Igf1r deficiency involves changes in expression of IGF system 

genes and reduces allergy-related marker levels 

As a complement to the BALF and histopathology analyses, a molecular analysis of IGF 

system genes and allergic inflammation and remodeling markers was performed. 

mRNA expression profiles demonstrated an efficient depletion of Igf1r levels with 

Igf1r-deficient PBS- and HDM-treated mice showing a reduction of 84% and 67% 

respectively. HDM treatment increased Igf1r expression in Igf1rfl/fl (17%) and Igf1r-

depleted (2-fold) lungs. Igf1 levels were significantly increased in Igf1r-deficient PBS- 

or HDM-treated mice. This effect was augmented in HDM-challenged animals. In 

addition, HDM treatment increased Insr, Igfbp3 and Igfbp5 levels in Igf1r-deficient 

lungs.  Igfbp3 expression was decreased in both genotypes (Fig 6A). mRNA levels of all 

allergic airway inflammation- and remodeling-related markers tested, with the exception 

of IL5, were strongly induced by HDM and reduced in Igf1r-deficient mice, except Cd4 

levels (Fig 6B-C). The goblet cell hyperplasia marker Spdef was also evaluated and 

found to be significantly decreased in Igf1r-deficient HDM-exposed lungs (data not 

shown, 2-fold reduction). Protein levels of IL13, IL33, and CCL11 were consistent with 

the mRNA expression profiles. IL10 levels were only increased in HDM-treated Igf1rfl/fl 

lungs (Fig 6D).  

Therapeutic Igf1r-gene targeting reduces circulating IL33, CCL11 and IgE levels, 

inflammation and remodeling features  

Igf1r-deficiency was therapeutically induced in mice to evaluate the resolution of 

airway inflammation following HDM exposure (Fig 7A). Therapeutic Igf1r-gene 

targeting after TMX administration significantly decreased IL33 and CCL11 serum 

levels in CreERT2 compared to non-TMX-treated mice, whereas IL10 and IL13 levels 

remained unchanged. Igf1r depletion significantly reduced IL13, IL33, CCL11 and IgE 
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levels at D14 with respect to Igf1rfl/fl TMX-treated animals. Interestingly, IL10 and IL13 

serum levels increased from D7 to D14 in Igf1rfl/fl mice (Fig 7B-C).  

Total cells in BALF were found to be increased in Igf1rfl/fl at D14 and substantially 

reduced in CreERT2 animals following TMX administration. This effect was attributed 

primarily to changes in neutrophil and eosinophil counts, since macrophage and 

lymphocyte numbers remained unchanged (Fig 8A).  

Inflamed lung area, airway thickness, PAS+ cell numbers and collagen staining were 

clearly counteracted in CreERT2 lungs after TMX administration compared to CreERT2 

non-TMX- and Igf1rfl/fl TMX-treated mice (Fig 8B). 

Therapeutic Igf1r-gene targeting diminishes expression of allergic inflammation 

and remodeling-related markers  

Following TMX administration, Igf1r mRNA expression was found to be significantly 

reduced in CreERT2 mice compared to Igf1rfl/fl (85%) and CreERT2 non-TMX-treated 

mice (88%). mRNA levels of the allergic airway inflammation- and remodeling-related 

markers demonstrated a significant reduction in CreERT2 compared to Igf1rfl/fl and 

CreERT2 non-TMX-treated mice following TMX treatment. Ccl2 expression was only 

found reduced in Igf1r-deficient mice compared to CreERT2 TMX-untreated animals 

(Fig 9A-B). Analysis of IL13, IL33 and CCL11 protein levels in lung homogenates 

supported mRNA data and IL10 levels were found to be significantly decreased in 

CreERT2 mice after TMX administration (Fig 9C).  
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Discussion 

Here we report the progressive changes after acute HDM-induced inflammation in mice. 

We also demonstrate that preventively-induced Igf1r-deficiency ameliorates typical 

asthmatic features and that therapeutic targeting of Igf1r promotes the resolution of 

HDM-induced inflammation in mice. 

Noteworthy, very few studies have reported the acute effects after HDM exposure in 

mice. In this regard, total and eosinophil counts in BALF and IL13 expression in the 

lung were found significantly increased one week after repetitive intranasal HDM 

exposure in mice [15]. Furthermore, total and differential BALF cell counts, 

peribronchial inflammation and goblet cell hyperplasia were notably increased after 10 

consecutive days of intranasal HDM challenge in mice [16]. In the present study HDM 

exposure in inbred C57BL/6 mice demonstrated a progressive increase in inflammatory 

cells in BALF, airway remodeling and mRNA expression of allergic airway 

inflammation and remodeling markers up to D7. Consistent with our results on 

increased Il33 expression, it was previously reported that IL33, but not TSLP or IL25, is 

central to HDM allergic sensitization [17]. 

Preventive induction of Igf1r deficiency in PBS-treated mice led to similar Igf1r-

depleted expression to that observed in unchallenged mice of similar age [11]. In 

addition, Igf1r and Igf1 levels increased after HDM exposure. Accordingly, IGF1R and 

IGF1 expression was found to be increased in BAL cells and bronchial biopsies of 

asthmatic patients [5,7]. The upregulation of Igf1 in PBS-treated Igf1r-depleted mice or 

Igf1 and Insr by HDM was possibly due to compensatory effects in response to Igf1r 

deficiency [12]. Regarding increased Igfbp3 and Igfbp5 levels in HDM-treated Igf1r-

deficient mice, exogenous IGFBP3 and IGFBP5 administration blocks the physiological 

consequences of asthma and enhances epithelial cell adhesion to maintain the epithelial-
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mesenchymal boundary [9,10,18]. From these data we can conclude that both Igf1r and 

Igf1 may be important mediators in the establishment of murine asthma, and that Igfpb3 

and Igfpb5 could play protective roles against HDM-induced allergic inflammation.  

Whereas acute HDM treatment caused a clear increase in eosinophil and neutrophil 

numbers in the bone marrow of Igf1rfl/fl mice, their levels remained close to basal after 

preventively-induced Igf1r-deficiency. Recent data published by our group showed a 

selective decrease in circulating eosinophils after chronic HDM exposure and reduced 

neutrophil numbers after acute-induced lung injury in the same mutant mouse line 

[11,12]. Thus, IGF1R could have an important role in bone marrow mielopoiesis after 

HDM-induced allergy. 

Following HDM challenge, decreased total and eosinophil counts in BALF and reduced 

asthmatic features after preventively-induced Igf1r deficiency are consistent with 

published data on IGF1R-deficient mice after chronic HDM exposure [12]. Notably, 

neutrophil and eosinophil presence in BALF and asthma-related features were 

counteracted in a similar manner in HDM-treated mice following therapeutic targeting 

of Igf1r. 

We demonstrated that IGF1R plays an important role in initiation of the inflammatory 

process, since IGF1R deficient mice showed reduced Il1b and Tnf expression [11]. This 

is consistent with the decreased expression of Il1b and Tnf either after preventive or 

therapeutic-induced Igf1r deficiency. In this regard, it was reported that both IL1B and 

TNF are required for allergen-specific Th2 cell activation and for the development of 

AHR in mice [19,20]. Accordingly, we have reported that IGF1R-deficient mice 

exhibited no AHR after chronic HDM exposure [12].  

Lung inflammation in asthma is typically orchestrated by activation of innate immune 

cells followed by an exacerbated Th2-biased inflammation and synthesis of allergen-
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specific IgE antibody, which initiates the release of inflammatory mediators from 

immune cells [21,22]. In this line, following HDM exposure, Igf1rfl/fl mice demonstrated 

increased levels of serum total IgE that were counteracted upon both the preventive and 

therapeutic strategies. Accordingly, elevated levels of serum total IgE have been 

reported in HDM-challenged mice and in patients with allergic asthma [12,23]. 

Upon allergen exposure, IL33 is mainly released from the airway epithelium to 

participate in the induction of Th2 immunity and is important for the establishment and 

maintenance of allergic response [24]. IL33 levels were significantly reduced in serum 

and lungs after therapeutic-induced Igf1r deficiency but only in lungs following 

preventive-induced deficiency. Accordingly, increased expression of IL33 in the airway 

epithelium and serum of asthmatic patients was correlated with disease severity [25,26]. 

Additional reports have shown that IL33 exacerbates murine allergic 

bronchoconstriction and that resolution of allergic airway inflammation and AHR is 

dependent upon disruption of IL33 signaling in mice [27,28]. Notably, lung epithelial-

specific Igf1r deficiency in mice caused delayed differentiation of the airway 

epithelium, a major source of IL33 [29,30]. IGF1R-deficient lungs showed a reduced 

proportion of club cells in distal airways after chronic HDM exposure [12] and therefore 

this phenomenon could be manifested as a reduced IL33 release from the airway 

epithelium by HDM. 

Here we report attenuated increase in IL13 levels in serum and lungs following 

preventive or therapeutic induction of Igf1r deficiency. Since IL13 levels are increased 

in serum of asthmatic patients, it is considered a biomarker of disease severity [31]. 

Blockade of IL13 activity in mice after HDM sensitization reduces eosinophilia in 

BALF, peribronchial collagen, and goblet cell hyperplasia [32]. These findings are in 

accordance with results presented in this study and in a recent publication from our 
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group in which IGF1R-deficient mice also showed unaltered IL13 levels after chronic 

HDM exposure [12]. 

Following HDM treatment IL10 levels were found to be decreased after both the 

preventive and therapeutic strategies. Even though IL10 is a regulatory cytokine with 

immunosuppressive and anti-inflammatory properties, its role in asthma remains 

unclear. IL10 is necessary for the expression of AHR after allergic sensitization in mice 

and its levels in serum were reported differently altered in asthmatic patients [26,33,34].  

CCL11 is also a potential diagnostic marker for asthma since it is significantly increased 

in serum of asthmatic patients [35]. We found reduced CCL11 levels in serum and lungs 

after both the preventive and therapeutic approaches. Notably, enhanced expression of 

CCL11 in the bronchial epithelium of asthmatic patients was found to be associated 

with the development of AHR [36]. After allergen exposure, the eosinophil 

chemoattractant CCL11 is released by the airway epithelium in response to cytokines 

such as IL4, IL13 and TNF [37]. In the present study, reduced IL13, Il4 and Tnf levels 

in HDM-treated mice after preventive- or therapeutic-induced Igf1r deficiency 

supported depleted CCL11 levels. Of note, club cell-derived CCL11 is crucial for the 

accumulation of eosinophils during allergic lung inflammation [38].  

The reduced number in PAS+ cells was validated by decreased expression of the goblet 

cell hyperplasia markers Foxm1, Spdef and Muc5ac following preventive induction of 

Igf1r deficiency and by decreased expression of Scgb1a1 and Muc5ac after the 

therapeutic approach. After allergen stimulation FOXM1 induces differentiation of club 

cells into goblet cells through transcriptional activation of SPDEF. Then, increased 

MUC5AC expression by SPDEF in goblet cells contributes to goblet cell hyperplasia 

and mucus hyperproduction [39]. In accordance, blockade of FOXM1 activity in mice 

after HDM exposure led to reduced goblet cell hyperplasia and decreased number of 
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eosinophils in BALF [39,40]. Furthermore, we recently demonstrated that lung 

epithelial-specific Igf1r deficiency in mice and chronically HDM-challenged IGF1R-

depleted mice showed delayed club cell differentiation which could result in decreased 

goblet cell hyperplasia and mucus production [12,29].  

Both Acta2 (α-SMA) and Ptgs2 (COX2) levels were found to be decreased following 

preventive and therapeutic approaches. Accordingly, airway smooth muscle thickness 

was substantially reduced in IGF1R-deficient mice after chronic HDM exposure [12] 

and pharmacological COX2 inhibition after allergen challenge in mice reduced 

inflammatory cells in BALF [41]. Moreover, decreased Col1a1 expression following 

the preventive and therapeutic approaches supported the reduced collagen deposition 

around the airways. The proposed mechanism regarding the reduced susceptibility to 

allergic airway inflammation in Igf1r-deficient mice upon HDM-challenge is 

summarized in Fig 10. 

Although the short-term therapeutically-induced and generalized Igf1r deficiency 

presented in this report efficiently resolves established allergic airway inflammation, 

TMX-mediated Igf1r deletion in mice may occur with different degrees of mosaicism in 

different cell types. Thus, Igf1r generalized deficiency cannot be used to deduce in 

which cells IGF1R signaling is crucial for promoting allergic airway inflammation. 

Furthermore, the variability of intranasal administration of HDM and the effect of the 

genetic background on phenotypic variations should also be considered as constraints to 

this report. 

Here we demonstrate that therapeutic targeted deletion of Igf1r resolves allergic airway 

inflammation in response to HDM. These results reinforce our previous findings on the 

role of IGF1R in allergy, placing it as a potential candidate to develop novel clinical 
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trials focused on the study of systemic IGF1R inhibitors that could be more efficient in 

counteracting the asthmatic response at different levels. 
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Figure legends 
Fig 1. Protocol for acute HDM exposure and progressive accumulation of 

inflammatory cells in BALF of inbred C57BL/6 mice. (A) Eight- to 10-week-old 

(W8-10) inbred C57BL/6 female mice were intranasally challenged with daily 

consecutive doses of 40 μg of HDM extract in 20 μl of PBS (2 mg/ml) or equal volume 

of PBS. BALF and lungs were collected 24 h after the last exposure on days [D] 3, D5 

or D7. (B-C) Representative images of BALF cytospin preparations (scale bar: 20 μm) 

and total and differential cell counts in BALF from PBS- or HDM-treated inbred 

C57BL/6 mice at D3, D5 and D7. Data are expressed as mean ± SEM (n = 4 animals per 

group). *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, 

house dust mite; PBS, phosphate buffered saline.  

Fig 2. Progressive increase in airway inflammation and remodeling after acute 

HDM exposure in inbred C57BL/6 mice. Representative images of proximal airways 

showing inflamed lung areas (left) (scale bar: 0.5 mm), and airway thickness (orange 

bars in insets) (center left), mucus-producing cells per epithelium length (red 

arrowheads in insets) (center right) and collagen content (right) (scale bars: 50 μm) in 

PBS- or HDM-treated C57BL/6 mice at D3, D5 and D7. Bottom graphs represent 

quantification of the abovementioned parameters. Data are expressed as mean ± SEM (n 

= 4 animals per group). **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). 

H&E, Hematoxilin and eosin; PAS, Periodic Acid Schiff; AW, airway; HDM, house 

dust mite; PBS, phosphate buffered saline. 

Fig 3. Expression of airway inflammation and remodeling markers after acute 

HDM treatment in inbred C57BL/6 mice. (A) Lung tissue mRNA expression levels 

of dendritic cell activators (Il33 and Tslp), T-lymphocyte marker (Cd4), Th2 cytokines 

(Il4, Il10 and Il13), eosinophil (Ccl11 and Ccl5), macrophage (Ccl2) and neutrophil 
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(Cxcl1) chemoattractants and Th1 cytokines (Tnf and Il1b); (B) bronchoconstriction 

(Acta2), goblet cell hyperplasia (Muc5ac) and collagen deposition (Col1a1) markers, 

and (C) CCL11 protein levels in lung homogenates in PBS- or HDM-treated inbred 

C57BL/6 mice at D3, D5 and D7. Data are expressed as mean ± SEM (n = 3-4 animals 

per group). *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). 

HDM, house dust mite; PBS, phosphate buffered saline. 

Fig 4. Protocol for prophylactic induction of Igf1r deficiency and HDM treatment, 

bone marrow cell counts and circulating levels of allergy-related markers. (A) 

Igf1rfl/fl (controls) and UBC-CreERT2; Igf1rfl/fl female mice were treated with tamoxifen 

(TMX) for five consecutive days at four weeks of age (W4) to induce a postnatal Igf1r 

gene deletion [14]. Then, eight- to 10-week-old (W8-10) Igf1rfl/fl and UBC-CreERT2; 

Igf1rΔ/Δ (CreERT2) female mice were intranasally challenged with seven daily 

consecutive doses of 40 μg of HDM extract in 20 μl of PBS (2 mg/ml) or equal volume 

of PBS. Bone marrow, serum, BALF and lungs were harvested 24 h after last dose on 

D7. (B-C) Representative images and total, neutrophil and eosinophil (red arrowheads) 

counts in bone marrow (BM) cytospin preparations (Scale bar: 10 μm; n = 4 animals per 

group) and (D-E) serum levels of IL10, IL13, IL33, CCL11 and IgE (n = 3-6 animals 

per group) in PBS- or HDM-exposed Igf1r-deficient vs. Igf1fl/fl mice. Data are expressed 

as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison 

test). HDM, house dust mite; PBS, phosphate buffered saline. 

Fig 5. Igf1r deficiency decreases airway inflammation and remodeling after HDM 

exposure. (A) Total and differential cell counts performed on cytospin preparations of 

BALF (n = 8 animals per group) and (B) representative images of proximal airways 

showing inflamed lung areas (left) (scale bar: 0.5 mm); airway thickness (orange bars in 

insets) (center left), mucus-producing cells per epithelium length (red arrowheads in 
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insets) (center right) and collagen content (right) (scale bars: 50 μm; n = 5-6 animals per 

group) in PBS- or HDM-exposed Igf1r-deficient vs. Igf1fl/fl mice. Bottom graphs 

represent quantification of the abovementioned parameters. Data are expressed as mean 

± SEM *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). H&E, 

Hematoxilin and eosin; PAS, Periodic Acid Schiff; AW, airway; HDM, house dust 

mite; PBS, phosphate buffered saline. 

Fig 6. Expression of IGF genes and airway inflammation and remodeling markers 

in HDM-exposed Igf1r-deficient lungs. Lung tissue mRNA expression levels of (A) 

IGF-system genes (Igf1r, Igf1, Insr, Igfbp3 and Igfbp5); (B) dendritic cell activator 

(Il33), T-lymphocyte marker (Cd4), Th2 cytokines (Il4, Il5 and Il13), eosinophil 

(Ccl11), macrophage (Ccl2) and neutrophil (Cxcl1) chemoattractants and Th1 cytokines 

(Tnf and Il1b); (C) bronchoconstriction (Acta2 and Ptgs2), goblet cell hyperplasia 

(Foxm1 and Muc5ac) and collagen deposition (Col1a1) markers, and (D) IL10, IL13, 

IL33 and CCL11 protein levels in lung homogenates in PBS- and HDM-exposed Igf1r-

deficient and Igf1fl/fl mice. Data are expressed as mean ± SEM (n = 5-6 animals per 

group). *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple comparison test). HDM, 

house dust mite; PBS, phosphate buffered saline. 

Fig 7. Protocol for therapeutic induction of Igf1r deficiency, HDM treatment and 

circulating levels of allergy-related markers. (A) Eight- to 10-week-old (W8-10) 

Igf1rfl/fl and UBC-CreERT2; Igf1rfl/fl female mice were intranasally challenged with 

seven (first set of animals non-treated with TMX and sacrificed at D7) or fourteen 

(second set of animals receiving five consecutive intraperitoneal TMX injections 

between D7 and D11 to induce Igf1r deletion in UBC-CreERT2; Igf1rfl/fl mice to 

generate CreERT2 mice) daily consecutive doses of 40 μg of HDM extract in 20 μl of 

PBS (2 mg/ml). Serum, BALF and lungs were collected 24 h after the last exposure. (B-
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C) Serum levels of IL10, IL13, IL33, CCL11 and IgE (n = 3-4 animals per group) in 

HDM-exposed CreERT2 vs. Igf1fl/fl mice after the TMX treatment (D14) (+ TMX). Note 

that the CreERT2 term used at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Data 

are expressed as mean ± SEM. *p<0.05; **p<0.01 (Mann-Whitney U and Dunn-Sidak 

multiple comparison tests). HDM, house dust mite; PBS, phosphate buffered saline; 

TMX, tamoxifen. 

Fig 8. Therapeutic targeting of Igf1r reduces airway inflammation and remodeling 

features after HDM exposure. (A) Total and differential cell counts performed on 

cytospin preparations of BALF (n = 4-5 animals per group). (B) representative images 

of proximal airways showing inflamed lung areas (left) (scale bar: 0.5 mm) and airway 

thickness (orange bars in insets) (center left), mucus-producing cells per epithelium 

length (red arrowheads in insets) (center right) and collagen content (right) (scale bars: 

50 μm) in HDM-exposed CreERT2 vs. Igf1fl/fl mice non-treated with TMX (D7)            

(- TMX) or after the TMX treatment (D14) (+ TMX). Note that the CreERT2 term used 

at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Bottom graphs represent 

quantification of the abovementioned parameters (n= 5 animals per group). Data are 

expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple 

comparison test). H&E, Hematoxilin and eosin; PAS, Periodic Acid Schiff; AW, 

airway; HDM, house dust mite; PBS, phosphate buffered saline; TMX, tamoxifen. 

Fig 9. Therapeutic Igf1r-gene targeting diminishes expression of airway 

inflammation and remodeling-related markers after HDM exposure. Lung tissue 

mRNA expression levels of (A) Insulin-like growth factor 1 receptor (Igf1r), dendritic 

cell activator (Il33), T-lymphocyte marker (Cd4), Th2 cytokines (Il4 and Il13), 

eosinophil (Ccl11), macrophage (Ccl2) and neutrophil (Cxcl1) chemoattractants and 

Th1 cytokines (Tnf and Il1b) and (B) bronchoconstriction (Acta2 and Ptgs2), goblet cell 
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hyperplasia (Scgb1a1 and Muc5ac) and collagen deposition (Col1a1) markers, and (C) 

IL33, IL10, IL13 and CCL11 protein levels in lung homogenates (n = 3-5 animals per 

group). Quantifications were performed in HDM-exposed CreERT2 vs. Igf1fl/fl mice 

non-treated with TMX (D7) (- TMX) or after the TMX treatment (D14) (+ TMX). Note 

that the CreERT2 term used at D7 (- TMX) refers to UBC-CreERT2; Igf1rfl/fl mice. Data 

are expressed as mean ± SEM. *p<0.05; **p<0.01; ***p<0.001 (Dunn-Sidak multiple 

comparison test). HDM, house dust mite; PBS, phosphate buffered saline; TMX, 

tamoxifen.  

Fig 10. Proposed mechanism for reduced susceptibility to airway inflammation in 

Igf1r-deficient mice upon HDM-challenge. Following HDM exposure Igf1r 

deficiency counteracts collagen deposition, smooth muscle thickening and mucus 

secretion. The airway epithelium is known to be a major source of IL33 and its delayed 

differentiation by Igf1r deficiency could diminish IL33 levels after HDM treatment, 

reducing the induction of Th2 immunity and particularly IL13 expression. After HDM 

exposure, IL13 normally stimulates goblet cell differentiation in the airway epithelium 

which leads to goblet cell hyperplasia and mucus hyperproduction in addition to 

triggering the release of CCL11. Delayed differentiation of the airway epithelium 

caused by Igf1r deficiency together with diminished IL13 levels may inhibit 

differentiation of goblet cells and CCL11 production, reducing mucus secretion and 

eosinophil recruitment to the lung. Additionally, decreased eosinophilopoiesis in bone 

marrow of Igf1r-deficient mice can also substantially contribute to reduced eosinophil 

presence in the lung. The proposed mechanism illustrated in this figure is supported by 

results from the present study and additional reports [12,20,28,29,36,38]. 
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 S1 Table. Primer sets used for qRT-PCR. 

Gene Accession No. Forward primer (5´-3´) Reverse primer (5´-3´) 
Acta2 NM_007392.3 AATGGCTCTGGGCTCTGTAA CTCTTGCTCTGGGCTTCATC 

Ccl2 NM_011333.3 CACCAGCCAACTCTCACTGA CGTTAACTGCATCTGGCTGA 

Ccl5 NM_013653.3 CCAACCCAGAGAAGAAGTGG AGCAAGCAATGACAGGGAAG 

Ccl11 NM_011330.3 GAGAGCCTACAGAGCCCAGA ACCGTGAGCAGCAGGAATAG 

Cd4 NM_013488.2 ATGTGGAAGGCAGAGAAGGA TGGGGTATCTTGAGGGTGAG 

Col1a1 NM_007742.4 CGGAGAAGAAGGAAAACGAG CAGGGAAACCACGGCTAC 

Cxcl1 NM_008176.3 ATCCAGAGCTTGAAGGTGTTG GTCTGTCTTCTTTCTCCGTTACTT 

Foxm1 NM_008021.4 CCTGCTTACTGCCCTTTCCT CACACCCATCTCCCTACACC 

Igfbp3 NM_008343.2 GCCCTCTGCCTTCTTGATTT TCACTCGGTTATGGGTTTCC 

Igfbp5 NM_010518.2 GATGAGACAGGAATCCGAACAAG AATCCT TTGCGGTCACAGTTG 

Igf1 NM_010512 CAGAAGCGATGGGGAAAAT GTGAAGGTGAGCAAGCAGAG 

Igf1r NM_010513 ATGGCTTCGTTATCCACGAC AATGGCGGATCTTCACGTAG 

Il1b NM_008361.3 GCAACTGTTCCTGAACTCAACT ATCTTTTGGGGTCCGTCAACT 

Il4 NM_021283.2 CCTCACAGCAACGAAGAACA CGAAAAGCCCGAAAGAGTC 

Il5 NM_010558.1 GAAGTGCTGGAGATGGAACC GGATGAGGGGGAGGGAGTAT 

Il10 NM_010548.2 GCACTACCAAAGCCACAAGG TAAGAGCAGGCAGCATAGCA 

Il13 NM_008355.3 GCCTCCCCGATACCAAAAT CTTCCTCCTCAACCCTCCTC 

Il25 NM_080729.3 AAGCCCTCCAAAGCCCTAC TCTCCCCAAGTCCTCCATC 

Il33 NM_133775.2 GCCTTGCTCTTTCCTTTTCTC TCGGTTGTTTTCTTGTTTTGC 

Insr NM_010568.2 TCCTGAAGGAGCTGGAGGAGT CTTTCGGGATGGCCTGG 

Muc5ac NM_010844.1 CACACACAACCACTCAACCA TCTCTCTCCGCTCCTCTCAA 

Ptgs2 NM_011198.4 GGAGGCGAAGTGGGTTTTA TGATGGTGGCTGTTTTGGTA 

Rn18s NR_003278.3 ATGCTCTTAGCTGAGTGTCCCG ATTCCTAGCTGCGGTATCCAGG 

Scgb1a1 NM_011681 ATGAAGATCGCCATCACAATCAC GGATGCCACATAACCAGACTCT 

Spdef NM_013891.4 GGCCAGCCATGAACTATGAT GGTAGACAAGGCGCTGAGAG 

Tnf NM_013693.3 GCCTCTTCTCATTCCTGCTTG CTGATGAGAGGGAGGCCATT 

Tslp NM_021367.2 AAATGGGAAATGAGCAATAGAC GCAGGGGAGGTGAGAAAGAC 

 

 


