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Abstract 

Restoration and maintenance of tissue homeostasis following injury and during 

inflammation is a crucial function of the immune system. The Epidermal Growth 

Factor Receptor (EGFR) and two of its leukocyte-derived ligands, Amphiregulin 

(AREG) and HB-EGF, have a well-documented role in this process and are known to 

contribute to wound repair as well as fibrosis. However, the underlying mechanisms 

by which these growth factors contribute to these processes had so far not been 

elucidated and my PhD was aimed to determine these mechanisms.  

 

In Chapter 2 and the appendix of my thesis, using acute tissue injury in two different 

organs (the liver and the lungs) we show that AREG induces the activation of integrin-

alphaV complexes and thereby the local release of bio-active TGF-β on mesenchymal 

stromal cells also termed as pericytes. This induces the differentiation of pericytes into 

myofibroblasts, facilitating the restoration of blood vessel integrity following acute 

injury. 

 

In Chapter 3 of my thesis, I used a model of repetitive injury on the liver to induce 

chronic inflammation. It has been published that the two EGFR ligands- AREG and 

HB-EGF that are up-regulated during inflammation play antagonistic roles in the 

development of liver fibrosis. My data using bone marrow chimeric mice suggest that 

‘leukocyte-derived’ AREG and HB-EGF display a trend towards liver remodelling 

during chronic inflammation. However, Kupffer cell derived AREG may not be 

contributing to collagen expression. Like the acute injury models, AREG appears to 

target EGFR on pericytes reducing the collagen deposition in the pericyte specific 

EGFR knockout mice. Interestingly, HB-EGF also targets primary pericytes, 

preventing their in vitro differentiation and may thereby reduce collagen expression.  
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Finally, in Chapter 4 of my thesis, I focused on the role of AREG in a model of lung 

remodelling induced by ovalbumin-mediated chronic lung inflammation. Using global 

as well as different cell type-specific AREG-deficient mice, I showed that leukocyte 

derived AREG influences lamina propria thickness- a measure of remodelling. 

Likewise, AREG appears to direct lung remodelling via the EGFR on pericytes.  

 

Taken together, my thesis unravels a novel mechanism acting via the AREG-EGFR 

axis that controls the differentiation of tissue residential precursor cells ultimately 

governing wound healing as well as tissue remodelling.  
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Lay Abstract 

Tissue fibrosis is a pathological state of which about a million people succumb to 

annually. Fibrosis is caused when repetitive injury leads to an overcompensated wound 

healing response. The injured tissue is thereby transiently replaced by extracellular 

matrix. Gradual but excessive matrix accumulation compromises the structure and 

function of the organ, resulting in the pathological condition we describe as fibrosis. 

Being a progressive disease, fibrosis is hard to detect and can affect most organs in the 

body. 

In order to understand the underlying mechanisms that lead to tissue fibrosis, it is 

important to understand the fundamental processes of wound healing and tissue 

remodelling following tissue injury. Thus, in my PhD project, I have investigated the 

role of two specific proteins, Amphiregulin and HB-EGF, during wound healing. Both 

proteins can be secreted by leukocytes and bind to the same receptor, the Epidermal 

Growth Factor Receptor (EGFR). Interestingly, Amphiregulin and HB-EGF behave in 

an antagonistic way following binding to EGFR. Amphiregulin promotes fibrosis 

whereas HB-EGF diminishes fibrosis, while the underlying mechanism leading to this 

antagonism remained unknown.  

Therefore, the overarching goal of my PhD project had been to study the mechanism 

by which Amphiregulin and HB-EGF influence the development of wound healing 

and tissue fibrosis; as well as determining the cellular source and the cellular target of 

these two proteins. Emphasis has thereby been given to myofibroblasts, the primary 

producers of collagen, a major component of the extracellular matrix that causes tissue 

fibrosis. These myofibroblasts arise from the conversion of tissue resident precursor 

cells known as the pericytes. 

The data presented in my dissertation now show that both Amphiregulin and HB-EGF 

act by influencing the conversion of pericytes to myofibroblasts. Amphiregulin 

promotes this conversion whereas HB-EGF blocks it. Moreover, if the EGFR is ablated 

on pericytes of specific tissues, then collagen deposition within these tissues is reduced 

upon the onset of injury.  
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Taken together, in my dissertation I describe the underexplored roles of Amphiregulin 

in response to acute injury to study wound healing. I extend these studies to a chronic 

injury and inflammation displaying that Amphiregulin influences these scenarios in a 

similar manner. 
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Chapter 1: Introduction 

1.1 The immune system in defence and tissue 
homeostasis 

The immune system serves to defend the organism against pathogens and noxious 

agents but has also evolved to contribute to wound healing and tissue homeostasis. 

Tissue homeostasis is a vital process in the development and survival of an organism. 

Perturbations in tissue homeostasis such as wounding are detected during 

immunosurveillance and trigger an inflammatory response that comprises of cellular 

infiltration at the site of the damage (Senovilla et al., 2013). Various cells, cytokines 

and chemokines signal in coordination to help the body revert to its homeostatic state.  

Traditionally, immune responses comprise of proinflammatory and anti-inflammatory 

arms (Strbo et al., 2014). While the former aims at clearing the pathogen or the wound 

by producing inflammatory milieu, the latter anti-inflammatory cascade aids to heal 

the damage caused. However, immune responses are very specific, and the nature of 

the insult dictates the local and systemic behaviour of cells to produce and attract 

specific immunomodulatory factors to the site of damage.  

Components of the immune system initiate repair by producing pro-reparative 

cytokines such as IL-4, IL-13 and growth factors such as TGF-β to facilitate repair of 

the damaged tissue (Wynn, 2015). These factors dampen the inflammation and 

subsequently aid the proliferation and differentiation of tissue stem cells to replace the 

damaged cells (Karin and Clevers, 2016). Thus, the former notion of the immune 

system solely being responsible for prevention of infection and fighting against disease 

has shifted towards a broader of role, being the torch-bearer for tissue repair post 

injury.    
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1.2 Role of the immune system during the process of 
wound healing 

Interestingly, the process of wound repair shares parallels with organ development and 

is a highly conserved process. In lower order organisms such as hydra and planarians, 

a pool of pluripotent stem cells can regenerate the entire organism (Tanaka and 

Reddien, 2011). In lower vertebrates such as salamanders, limb and tail regeneration 

occur through the formation of a blastema. Briefly, upon the loss of tissue, cells at the 

extremities de-differentiate and proliferate, following which they re-differentiate 

again. This process is known as epimorphic regeneration (Agata et al., 2007). These 

processes have been studied extensively and form the basis of wound healing and 

regeneration studies in higher order organisms. 

As stated in Aurora et al., regeneration capacity is inversely proportional to the 

sophistication of immune system (Aurora and Olson, 2014). In advanced vertebrates 

such as mammals, adult regeneration is limited to skin and certain visceral organs such 

as the liver, kidney and intestine under damaged and inflammatory conditions. This is 

mainly fuelled by pools of tissue-resident stem cells that contribute to regeneration 

coupled with the participation of different growth factors. The growth factors down-

regulate the population of quiescent tissue stem cells and shunt them either for 

maintenance of tissue homeostasis or for replenishment of cell mass during damage to 

the organ (Kobielak et al., 2007).  

Wound healing following injury undergoes a series of well-orchestrated processes 

(Martin, 1997). Physical or chemical insults, pathogens or noxious stimuli can cause 

tissue injury. This affects cells and blood vessels in the niche and initiates a cascade 

of processes to potentiate healing. The different stages of wound healing can be 

broadly categorized into i) debris clearance and inflammation, ii) blood clotting, iii) 

tissue formation and iv) tissue remodelling (Shaw and Martin, 2009), (Martin, 1997); 

(Minutti et al., 2017b). At the outset of wounding, necrotic cells release alarmins 

whereas pathogens trigger Toll Like Receptor response through Pathogen Associated 

Molecular Patterns (PAMPS) (Bianchi, 2007). Together these Damage Associated 

Molecular Patterns (DAMPS) induce an influx of neutrophils to the damage site 
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(Eming et al., 2007). Monocytes subsequently join tissue resident macrophages, which 

act as sentinels at the site of damage. All these different cell types release inflammatory 

factors at the damage site that attract more cells for phagocytosis of the debris and 

pathogens, and to limit further damage. Simultaneously, there is clotting of blood and 

formation of a temporary granulation tissue. Finally, inflammation subsides, and 

healing processes commence. During these different stages, tissue resident cells such 

as myofibroblasts secrete matrix to seal the wound and over a period, the newly 

generated tissue is gradually remodelled to resemble the original tissue. Models of 

injury and healing are widely studied in several organs including lung, liver, heart, 

brain/ nerves, muscle and skin. This cascade of wound healing may vary depending 

upon the nature of the insult and the tissue, but broadly the process of wound healing 

adheres to the above-described steps.  

Thus, taken together, wound healing is a dynamic process governed by a plethora of 

cellular and molecular factors, whereby the immune system plays a critical role in the 

orchestration of the process.  

1.3 Role of the immune system during chronic injury 
and tissue fibrosis 

Fibrosis is a progressive pathological condition provoked by sustained damage that 

dysregulates the body’s healing efficiency. This process is often accompanied by 

chronic inflammation, activating a wound healing response leading to a copious 

production of extracellular matrix factors, particularly collagen 1 (Gabbiani et al., 

1971); (Ueha et al., 2012). The original tissue is gradually replaced by a scar tissue, 

irreversibly compromising the tissue architecture and function. Fibrosis has diverse 

causes, such as pathogens, allergens or irritants, genetic predisposition or a secondary 

cause such an autoimmune disorder leading to chronic inflammation, or diabetes and 

hypertension that extend effects on to other organs (Thannickal et al., 2014); (Wynn 

and Ramalingam, 2012).  

The cells attributed to the secretion of matrix factors such as collagen in wound healing 

are known as myofibroblasts. They are non-hematopoietic in origin and can arise from 
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multiple sources, and their numbers expand in the development of fibrosis (illustrated 

in Figure 1.1). Some of these include i) pericytes, which adhere to the endothelium, ii) 

bone marrow derived mesenchymal cells, iii) fibrocytes from the periphery as well as 

tissue-resident cell types, that via epithelial-mesenchymal transition or via endothelial 

to mesenchymal transition differentiate into myofibroblasts (Borthwick et al., 2013); 

(Ueha et al., 2012); (Hinz et al., 2007). There are controversies to the extent of 

contribution of each of these sources into the pool of myofibroblasts (Iwaisako et al., 

2012). Depending on the type of organism and on the type of injury and organ, 

different sources have been favoured. 

 

Figure 1-1 Myofibroblast origins 

Epithelial cells undergo epithelial to mesenchymal transition; endothelial cells undergo endothelial 

to mesenchymal transition. Tissue resident pericytes and fibroblasts and bone marrow derived 

mesenchymal cells and fibrocytes differentiate into a myofibroblast. 

In general, the fibrotic response is dependent on the type of injury and the organ. 

Nevertheless, some commonly associated characteristics of fibrosis include the 

expression of type-2 cytokines and growth factors such as TGF-β, IL-4 and IL-13 

(Bataller and Brenner, 2005); (Friedman et al., 2013); (Gieseck et al., 2016); (Gressner 

et al., 2002).  
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Also, several different types of leukocytes, such as alternatively-activated 

macrophages, ILC2s or eosinophils, have commonly been associated with the 

development of tissue fibrosis. Alternatively-activated macrophages for instance 

undergo activation by cytokines such as IL-4, IL-10 and IL-13, and have been 

associated with collagen secretion within inflamed tissues and fibrosis of pancreas 

(Xue et al., 2015), muscle (Tidball and Wehling-Henricks, 2015) liver (Duffield et al., 

2005), kidney (Kitamoto et al., 2009) and lung (Borthwick et al., 2016). Furthermore, 

ILC2s are prominent sources of type-2 cytokines within tissues and are also associated 

with the development of tissue fibrosis (Kindermann et al., 2018); (McKenzie et al., 

2014). To this effect, ILC2-derived IL-13 promotes hepatic (McHedlidze et al., 2013) 

and lung fibrosis (Hams et al., 2014). 

However, not only type-2 cytokines but also a plethora of other factors have been 

shown to participate in the development of organ fibrosis:  

Critically, integrins have been associated with fibrosis (Henderson and Sheppard, 

2013), particularly in liver, the lungs and muscle (Henderson et al., 2013); (Lee and 

Friedman, 2011); (Murray et al., 2017); (Reed et al., 2015). Integrins are surface 

receptors that bind to the extracellular matrix (ECM) components, and activation of 

integrin complexes on the target cell surface facilitates the local activation of ECM 

proteins stimulating matrix remodelling (Henderson et al., 2008); (Henderson et al., 

2006). The section 1.7 elaborates on the facets of integrins in tissue fibrosis.  

Also, the Epidermal Growth Factor Receptor (EGFR) has been shown to participate in 

the development of organ fibrosis. The EGFR has prominent immunomodulatory 

functions because it facilitates communication between the immune cells with cells 

regulating growth and differentiation. EGFR is ubiquitously expressed on several body 

cells and being a mitogen, it is largely implicated in diseases such as fibrosis (Fuchs 

et al., 2014) and cancer (MacDonald and Zaiss, 2017); (Sasada et al., 2016); (Sibilia 

et al., 2007). Since EGFR is overexpressed in tumours, it has been explored as a target 

to block the growth of malignant cells in different cancers, such as non-small cell lung 

cancer, squamous cell carcinoma of head and neck, pancreatic and colorectal cancer 

(Ciardiello and Tortora, 2008). During the clinical application of EGFR antagonists, it 
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became apparent that the blockade of EGFR is also associated with attenuation of liver 

cirrhosis (Fuchs et al., 2014) as well as pulmonary (Venkataraman and Frieman, 2017) 

and renal fibrosis (Terzi et al., 2000). Furthermore, using different models of tissue 

fibrosis in animal models, the therapeutic capacity of EGFR inhibitor during the 

development of tissue fibrosis has been well documented (Vallath et al., 2014).  

Thus, in conclusion, the EGFR clearly appears to work in close association with the 

immune system to maintain tissue homeostasis and contributes to the developing of 

tissue fibrosis. However, the underlying mechanism of how the EGFR is contributing 

to these processes remained unknown. 

It has been the aim of my PhD to address how the Epidermal Growth Factor 

Receptor (EGFR) and its ligands contribute to the processes of wound healing and 

tissue re-modelling / fibrosis. 

1.4 Epidermal Growth Factor Receptor in the tissue 
development and regeneration 

EGFR belongs to the ErbB family of growth factors and plays a pivotal role during 

development as well as in the maintenance of adult tissue.  It is expressed on the cell 

surface of a variety of cell types of epithelial, mesenchymal and neuronal origin and is 

required for cell proliferation, differentiation and development (Yano et al., 2003). 

Its homologues have been extensively studied in Caenorhabditis elegans and 

Drosophila melanogaster. In C. elegans the let-23 gene is analogous to the EGFR 

whereas the lin-3 gene encodes for a protein ligand of the let-23. The lin-3 / let-23 axis 

is essential for vulva induction (Sternberg and Horvitz, 1991); (Aroian et al., 1990); 

(Hill and Sternberg, 1992). In organisms such as the fly, EGFR is crucial in 

development over multiple stages as the embryo, larvae, pupae and adult. EGFR 

ligands are involved in the pattern formation and morphogenesis of several organs 

such as the wing, eye, leg and ovary (Schweitzer and Shilo, 1997); (Freeman, 1998). 

Homologues of the EGFR and its ligands have also been detected in a range of 

metazoans from Ctenophora to chordate (Barberan et al., 2016). 
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The EGFR is involved in development over multiple stages in the life of higher 

organisms. EGFR null mutant mice die during mid-gestation due to abnormal placental 

growth (Sibilia and Wagner, 1995); (Threadgill et al., 1995). Nevertheless, some null 

mice survive till post-natal day 20. Reportedly, these mice have severe developmental 

and morphological abnormalities in skin and hair follicles, gastrointestinal tract and 

lung development. (Miettinen et al., 1995); (Threadgill et al., 1995); (Sibilia and 

Wagner, 1995). Nulls are born with open eye suggesting that EGFR expression is 

required for corneal development and the formation of eyelids. Abnormalities are also 

observed in the brain, liver and kidney (Threadgill et al., 1995). Thus, EGFR absence 

retards development of different epithelial organs.  

EGFR is also ubiquitously expressed in adult tissues and contributes to the repair of 

various organs such as heart, brain, skin, lung, liver, pancreas, bone. Furthermore, the 

overexpression of EGFR is observed during tissue injury and as well as in diseases 

such as fibrosis and cancer (Fuchs et al., 2014); (Sibilia et al., 2007).  

Thus, in conclusion, the EGFR appears to play an essential role not only during tissue 

development but also appears instrumental in wound healing and tissue repair. 

1.5 Role of different EGFR ligands 

On a cellular level, EGFR signalling can induce a wide range of different responses, 

ranging from cell survival and proliferation to cell migration and cell differentiation 

(Lemmon et al., 2014). In most cases, EGFR signalling promotes cell proliferation, 

but its aberrant expression may contribute to the development of cancers (Citri and 

Yarden, 2006). Thus, precise regulation of the EGFR signalling is required to maintain 

tissue homeostasis.  

EGFR belongs to the family of ERbB receptors which in turn is subset of a large family 

of molecules known as the receptor tyrosine kinases (RTK). The ERbB family of 

proteins comprises of ERbB1 to ERbB4 and is termed as Her1 to Her4 in humans. 

EGFR is synonymous with ERbB1 and shares similarities to the rest of the members 

of the ERbB family. Structurally, the ERbB family of receptors have an extracellular 

ligand binding domain, a transmembrane domain, an intracellular cytoplasmic domain 
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containing multiple sites for tyrosine phosphorylation finally terminating with a 

carboxy tail (Burgess et al., 2003); (Ferguson, 2008).  

A range of high and low affinity ligands bind to the EGFR (Sanders et al., 2013). In 

mammals EGF, transforming growth factor-α (TGF-α), heparin-binding EGF-like 

growth factor (HB-EGF), amphiregulin (AREG), epiregulin, betacellulin (BTC), and 

epigen bind to the EGFR (Harris et al., 2003). EGFR ligands are synthesized as type 1 

transmembrane proteins and have to be cleaved from the membrane by a disintegrin 

and metalloprotease (ADAM) family of proteins to exhibit their action. Ligand binding 

to EGFR leads to activation by binding to another EGFR molecule (homodimerization) 

or to with another member of the ERbB family (hetero- dimerization). For instance, 

ligands such as HB-EGF, BTC and Epiregulin can potentially activate both EGFR and 

ERbB4. ERbB2 is an orphan receptor with no known ligand but can dimerise with 

ERbB3 upon binding with neuregulin (Singh et al., 2016).  

Receptor activation induces autophosphorylation of specific tyrosine residues on the 

tail. The tyrosine phosphorylation is a critical step and depending upon these 

position(s) creates a docking site for proteins such as Src homology 2 (SH2) and the 

Phosphotyrosine binding domains which are adaptor proteins or signaling components 

involved in the downstream pathways. Subsequent activation of downstream 

signalling cascades causes changes in the gene expression bringing about the required 

functions (Hackel et al., 1999); (Moghal and Sternberg, 1999); (Holbro and Hynes, 

2004).  

Different ligands induce the phosphorylation of specific tyrosine residues on the EGFR 

and the transmission of signals via different components. Low affinity binding ligands 

such as Epiregulin and Epigen induce a sustained activation of EGFR by 

phosphorylation of Y-845, Y-1086 and Y-1173; whereas EGF shows a transient 

phosphorylation of these tyrosine residues in MCF-7 cell lines (Freed et al., 2017). 

AREG phosphorylates Y-992 (Gilmore et al., 2008); (Minutti et al., 2017a), contrary 

to HB-EGF which induces a phosphorylation of Y-1068 in CD4+ T cells (Minutti et 

al., 2017a). The downstream signalling is propagated by the Ras-Raf-MEK-ERK i.e. 

MAPK signalling pathway. The outcome of cellular proliferation or differentiation is 
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determined by the sustained activation leading to differentiation of cells whereas a 

transient activation leads to a rapid receptor degradation mediated by the Cbl ubiquitin 

ligase. This promotes receptor desensitization leading to a negative feedback loop and 

activating proliferation of cells (Marshall, 1995). This way, low affinity ligands of the 

EGFR can induce cell differentiation, while high affinity ligands induce the 

proliferation even in the same cells (Freed et al., 2017), (Zaiss et al., 2015). The 

potential mechanism has been depicted in Figure 1-2. Thus, taken together, the nature 

of the propagated signal via the EGFR shapes the cellular outcome.  

 

Figure 1-2 Ligand-EGFR signalling 

High and low affinity ligands show dissimilar outcomes upon binding to EGFR. Strong binding 

ligands such as EGF autophosphorylate specific tyrosine residues on the cytoplasmic tail of the 

EGFR. The activation leads to receptor internalization, inducing a negative feedback loop which 

alternates in between activation and inactivation of the MAPK pathway. These oscillations mediate 

a mitogenic signal of the recipient cell. On the contrary, low affinity ligands such as AREG, EPR 

and epigen induce a sustained phosphorylation of tyrosine residues activating the MAPK pathway. 

The continuous activation blocks proliferation and leads to differentiation of the target cell. The 

EGFR ligands resulting in the phosphorylation of specific tyrosine residues have been indicated by 

the same colour.         
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1.6 Specific roles of the EGFR ligands HB-EGF and 
AREG during wound repair and the development of 
tissue fibrosis. 

For the purpose of my thesis, two ligands of the EGFR, namely AREG and HB-EGF, 

piqued our interest; primarily, because they are the only EGF-like growth factors that 

are expressed by leukocytes. Furthermore, both had already been associated with post 

injury tissue repair and both have been shown to play opposing roles in liver fibrosis 

(Huang et al., 2012); (Perugorria et al., 2008); (Takemura et al., 2013a). 

1.6.1 Amphiregulin 

AREG was originally discovered as a growth factor produced by human breast 

adenocarcinoma cell lines called MCF-7. AREG released from these cell lines 

astonishingly inhibited the growth of other carcinoma cells but stimulated the growth 

of cells in diverse cell lines including those of fibroblasts, carcinoma and kidney 

(Shoyab et al., 1988); (Shoyab et al., 1989). Due to these dual, opposing abilities, 

“amphi”-regulin was conferred its name.  

Concordantly, AREG was also discovered in keratinocyte cell cultures as Keratinocyte 

Autocrine Factor and was sufficient for their growth (Cook et al., 1991). Interestingly, 

this mitogenic activity of AREG in keratinocytes was inhibited with heparin sulphate, 

a novel characteristic of AREG as opposed to other EGFR ligands EGF and TGF-α 

(Cook et al., 1991); (Shoyab et al., 1989). Furthermore, early reports in the 1990s also 

discovered that AREG is autonomously produced in cultures of normal Human 

Mammary Epithelial Cells (HMECs) to support their growth (Li et al., 1992). 

Structurally AREG is highly hydrophilic and has 6 cysteine residues interspersed with 

amino acids- a characteristic of the EGF-like growth factor family. Moreover, AREG 

sequencing showed homology in comparison with other EGF-like growth factors in 

different organisms ranging from viruses to mammals (Shoyab et al., 1989). 

Conversely, EGFR was also discovered as the receptor of AREG and was shown to 
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exhibit its action by tyrosine phosphorylation of the receptor (Johnson et al., 1993). 

However, the binding of AREG to EGFR is weaker than that of EGF itself as shown 

by competitive binding assays (Shoyab et al., 1989); (Cook et al., 1991).  

These in vitro findings aligned with the subsequent results that mice showed a 

significantly increased AREG expression in mammary glands during puberty whereas 

Amphiregulin gene deficient mice showed defects in ductal development (Luetteke et 

al., 1999). These findings established Amphiregulin as a mitogen; however, complete 

Amphiregulin gene deficiency didn’t affect the growth and survival of mice in a 

broader sense.  

1.6.2 Heparin-binding EGF-like growth factor (HB-EGF) 

HB-EGF was found to be secreted by U-937, a macrophage cell line (Higashiyama et 

al., 1991), and induces proliferation in a number of different cell types (Higashiyama 

et al., 1991); (Edwards et al., 2009); (Hyder et al., 2012); (Wei et al., 2015). It is a 

22kDA protein that has a high affinity to heparin, which was demonstrated as a ligand 

of the EGFR and exhibits a much stronger binding to the EGFR than EGF 

(Higashiyama et al., 1991). 

The physiological relevance of HB-EGF expression remains controversial. Several 

different studies have demonstrated that a total gene deficiency of Hbegf is embryonic 

lethal (Iwamoto et al., 2003). For one, it has been described that HB-EGF gene 

deficient mice have excessive BMP signalling in developing hearts, which leads to 

heart valve malfunction and the death of embryos (Jackson et al., 2003). For the other, 

it has been described that HB-EGF and PDGF-BB act in concert to bring about 

vascularization in embryos, (Stratman et al., 2010). Nevertheless, several laboratories 

described experiments with living Hbegf-/- mice – and also, we, in the beginning, had 

a thriving colony of Hbegf-/- mice. Then, starting from autumn 2016, we could not raise 

any Hbegf-/- mice any longer. At that juncture, we had Hbegf-/- mice backcrossed to 

several different genetic backgrounds and housed in different animal facilities. Thus, 

we assumed that some components in the food delivered to the animals must have 

compensated for the embryonic deficiency of HB-EGF causing the effects we 

observed regarding our Hbegf-/- mouse colony. 
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1.6.3 Roles for HB-EGF and AREG during wound repair and 
the development of tissue fibrosis. 

Under steady state conditions, hardly any Amphiregulin or HB-EGF expression can 

be detected in healthy tissues. However, under inflammatory conditions, expression of 

both growth factors is strongly induced. HB-EGF has originally been found to be 

derived from macrophages upon exposure to TNF-α or IL-1 (Yoshizumi et al., 1992) 

and Amphiregulin can also be expressed by most types of leukocytes that we generally 

associate with type 2 immune responses, such as ILC2, TH2, basophils, mast cells or 

eosinophils (Zaiss et al., 2015). External delivery of recombinant AREG is protective 

in experimental injury caused by lung infection, viral-bacterial co-infection in the lung 

as well as skeletal muscle injury (Monticelli et al., 2011); (Jamieson et al., 2013); 

(Arpaia et al., 2015); (Burzyn et al., 2013). Additionally, AREG also promotes cardiac 

repair (Fujiu et al., 2017), regeneration after partial hepatectomy (Berasain et al., 2005) 

and worm expulsion (Zaiss et al., 2006); (Minutti et al., 2017a) as well as intestinal 

repair (Monticelli et al., 2015); (Shao and Sheng, 2010). However, AREG is also 

implicated in pathological processes, such as the development of hepatic fibrosis and 

non-alcoholic steatohepatitis (Perugorria et al., 2008), (McKee et al., 2015) as well as 

pulmonary fibrosis (Morimoto et al., 2018). The roles of AREG in tissue repair and 

fibrosis are depicted in Figure 1.2. 
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Figure 1-3 Amphiregulin in tissue repair and fibrosis. 

Amphiregulin heals leaky barriers of the gut and mediates repair in muscle, lung and liver. 

Sustained secretion of Amphiregulin leads to development of fibrosis in following repetitive injury 

of liver and lung. 

In contrast to Amphiregulin, HB-EGF appears to counterbalance the development of 

tissue fibrosis. Loss of HB-EGF expression led to enhanced liver fibrosis after bile 

duct ligation as well as a carbon tetrachloride mediated injury as measured by 

increased expression of collagen and α-SMA (Takemura et al., 2013a); (Takemura et 

al., 2013b). In line with these findings, it was shown that HB-EGF suppresses the 

differentiation of stellate cells in vitro and in hepatic stellate cell cultures, HB-EGF 

suppresses the signalling of TGF-β (Huang et al., 2012). 

The antagonistic regulation and function of AREG and HB-EGF during inflammation 

prompted us to ask if HB-EGF and AREG act in concert in suppressing and inducing 

wound repair and tissue fibrosis respectively. 

Structurally, both HB-EGF and Amphiregulin separate themselves from all other EGF-

like growth factors that they are highly charged proteins. Thus, other than EGFR, 

heparin sulphate proteoglycans (HSPG) may act as a low affinity binding co-receptor 
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to AREG and HB-EGF and thus regulate the ligand binding by increasing the local 

concentration of the molecules (Riese and Stern, 1998). Absence of HSPG 

compromises the AREG mediated signalling by EGFR by preventing 

autophosphorylation of the tyrosine residues (Johnson and Wong, 1994).  

Otherwise, Amphiregulin and HB-EGF are fully antagonistic in their structure and 

function. AREG binds to EGFR with an unusual low affinity whereas HB-EGF is an 

exceptional high affinity binding ligand to the EGFR (Sanders et al., 2013). The 

differential binding of ligands induces distinct downstream functions upon binding to 

the EGFR (Zaiss et al., 2015). The binding of AREG with EGFR is weak and does not 

induce negative feedback regulation; thus, it initiates a tonic signal mediating a 

constant activation. Such a signal leads to the differentiation of cells, such as for 

instance PC12 neuronal cell lines or primary muscle satellite cells (Kimura and 

Schubert, 1992); (Burzyn et al., 2013). In contrast, the high-affinity binding of HB-

EGF to the EGFR potentiates receptor internalization and induces the induction of 

several different negative feedback mechanism (Reynolds et al., 2002). In this way, 

HB-EGF induces cell proliferation via MAPK pathway due to a high oscillation rate 

of activation and inactivation of ERK signalling (Reynolds et al., 2002) and prevents 

the differentiation of cells. 

Based on the so far presented literature, we developed the hypothesis that the 

underlying mechanism by EGFR and two of its leukocyte-derived ligands, 

Amphiregulin and HB-EGF, is by controlling the differentiation of pericytes into 

myofibroblast within inflamed tissues. However, the underlying mechanisms by which 

these growth factors contribute to these processes and how these two EGF-like growth 

factors have antagonistic outcomes in tissue fibrosis had so far not been elucidated and 

my PhD aim was to determine these mechanisms. 

1.7 Role of integrins in tissue remodelling 

Integrins are adhesion molecules present on the cell surface and facilitate 

communication between the cell and its exterior. They are heterodimeric in nature and 

comprise of non-covalently bound α and β subunits. The 18 ‘α’ chains and 8 ‘β’ chains 
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can associate into 24 different forms in mammals (Campbell and Humphries, 2011). 

Integrins are evolutionarily conserved (Johnson et al., 2009) and are involved in 

development and morphogenesis (Miyamoto et al., 1998). Additionally, they 

participate in inflammatory processes and promote cell migration, clot formation, 

angiogenesis as well as fibrosis due to interactions with inflammatory cells and 

extracellular matrix components (Gahmberg et al., 1998); (Henderson et al., 2013). 

Specific sequences on the integrin subunits recognize amino acids sequences on the 

ECM proteins such as collagen, laminin, fibronectin, vitronectin, tenascin as well as 

ICAM and VCAM present on endothelial cells (Barczyk et al., 2010) promoting cell-

cell and cell-matrix interactions.  

Integrins function bidirectionally between the ligand binding sites in the extracellular 

niche of the cell and the cell cytosol. Their activation is triggered by intracellular or 

extracellular proteins and is termed as inside-out signalling or outside-in signalling 

respectively, depending upon the spatial position of the trigger (Qin et al., 2004). The 

inside-out signalling is a result of cellular activation by cytokines or external stimuli 

which trigger an intracellular cascade concomitantly leading to integrin activation. 

Inside-out signalling involves the binding of talin and kindlin to the cytoplasmic tail 

of the β subunit finally exposing the integrin sites for ligand binding (Wang, 2012). 

Conversely, outside-in signalling refers to the process of extracellular ligands of 

integrins which bind to the inactive integrin and mediate a ‘focal adhesion’ to transmit 

signals into the cytosol. Such interactions govern cellular behaviour such as migration, 

differentiation, proliferation (Takada et al., 2007).  

The role of integrins in ECM interactions, coupled with their potential of activating 

latent TGF-β piqued our interest. TGF-β is a pleiotropic cytokine involved in cell 

proliferation, differentiation and fibrosis (Gressner et al., 2002). The TGF- β is usually 

maintained in its quiescent form when bound to the latency activation peptide (LAP) 

preventing it from mediating its action. Upon dissociation from the LAP, bioactive 

TGF- β is released. Integrins are capable of activating TGF- β, by recognising the 

amino acid sequence of arginine-glycine-aspartic acid (RGD) present on LAP. Of the 

24 αβ subunits of integrins, only 8 subtypes can recognize the RGD motif and these 

include the α5β1, α8β1, αIIBβ3, αvβ1, αvβ3, αvβ5, αvβ6 and αvβ8 (Henderson et al., 
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2013); (Barczyk et al., 2010). Blockade of integrin αv ameliorates fibrosis of the liver, 

lung, kidney and cardiac and skeletal muscle (Munger et al., 1999); (Conroy et al., 

2016). Thus, integrins are the link between the cell and the extracellular matrix 

interactions which makes them one of the key mediators of differentiation into 

myofibroblasts (Asano et al., 2006) and tissue fibrosis.  

1.8 Aims of my thesis 

The overarching hypothesis of my thesis has been that: 

Amphiregulin contributes to the differentiation of pericytes to myofibroblasts, 

which then produce collagen essential for wound healing and tissue fibrosis. 

In contrast, HB-EGF blocks differentiation step from pericytes to myofibroblasts, 

perhaps attenuating tissue fibrosis. 

My hypothesis is represented in Figure 1.4. 

 

Figure 1-4 Hypothesis 

The fibrotic outcome depends upon the balance or imbalance of EGF-like growth factors: HB-EGF 

blocks fibrosis by promoting pericyte proliferation and blocking pericyte to myofibroblast 

differentiation (Left). Amphiregulin promotes fibrosis by promoting differentiation of pericytes to 
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myofibroblasts (Right). A balance of both HB-EGF and Amphiregulin successfully mediates repair 

(Centre).  

In specific, I aimed to address this hypothesis at three different levels: 

1) What is the source of EGF-like growth factors in wound healing and tissue 

remodelling? In specific, what is the role of leukocyte-derived and what of non-

hematopoietic cell type-derived AREG and HB-EGF during these processes? 

2) Are pericytes indeed the physiologically relevant target of AREG and HB-EGF 

during these processes? 

3) What is the molecular mechanism by which AREG induces the differentiation 

of pericytes into myofibroblast during wound healing? 

In the second chapter and the appendix of my thesis, I show that AREG induces the 

activation of integrin-αV complexes on mesenchymal stromal cells a.k.a. pericytes. 

This activation of integrin-αV complexes induces the local release of bio-active TGF-

β which in turn promotes the differentiation of these pericytes into myofibroblasts. 

Using acute tissue injury models in two different organs (the liver and the lungs), we 

demonstrate that this novel mechanism is of central importance for the process of 

wound healing as it facilitates the restoration of blood vessel integrity following acute 

tissue injury. 

In the third chapter of my thesis, I used a model of chronic repetitive injury on the 

liver to study tissue remodelling. My data suggests that leukocyte-derived AREG and 

HB-EGF may contribute to the myofibroblast activation and collagen expression in 

this model. However, Kupffer cell derived AREG appears dispensable for the liver 

remodelling upon chronic inflammation. My data suggests that AREG targets the liver 

pericytes to induce collagen deposition.  

Finally, in the fourth chapter of my thesis, I focused on the role of AREG in a model 

of lung tissue remodelling, induced by ovalbumin-mediated chronic lung 

inflammation. Thereby, my data suggest that, leukocyte-derived AREG may 

contribute to the process of lung tissue remodelling by influencing lamina propria 
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thickness during chronic inflammation. Likewise, in the lung inflammation model, 

AREG appears to target the pericytes since the lamina propria thickness is reduced in 

the Pdgfrb:cre x Egfrfl/fl mice. 

  



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

 Amphiregulin mediates tissue restoration via activation of local TGF-β 31 

Chapter 2: Amphiregulin mediates tissue 
restoration via activation of local TGF-β 

2.1 Summary 

The EGF-like growth factor Amphiregulin (AREG) stimulates proliferation or the 

arrest of growth in different cell lines (Shoyab et al., 1988). Increasing evidence 

supports the role of AREG in tissue homeostasis where AREG administration restores 

the integrity injured tissues. However, there is a lack of understanding in the precise 

role of AREG in the repair process. 

To study the function of AREG, I used a model of acute liver injury by a single 

intraperitoneal injection of CCl4. I observed that there was a similar extent of damage 

induced in WT and Areg gene-deficient mice. The Evan’s blue extravasation was 

higher in the injured Areg-/- animals in comparison to WT indicating a delayed 

vasculature repair.  

I chose an in vitro approach to determine the specific role of AREG. To this end, I 

isolated hepatic stellate cells (i.e. liver pericytes) from WT livers and showed that 

rAREG differentiates them into myofibroblasts. Using specific inhibitors and pericytes 

isolated from gene-deficient mice, I found that AREG acts by activating the integrin 

αv complexes on the cell surface, which in turn convert latent TGF-β into its bioactive 

form, thereby inducing the differentiation of stellate cells into myofibroblasts.  

Furthermore, I crossed the Pdgfrb:Cre mice with Egfrfl/fl mice to generate a pericyte 

specific knockout of Egfr and test the action of rAREG. Pericytes isolated from these 

animals showed a lack in differentiation and were not responsive to rAREG addition. 

Yet, they could be rescued upon the action of rTGF-β. In line with these findings, also 

in vivo, Pdgfrb:Cre x Egfrfl/fl mice showed a compromised recovery of vasculature 

function following CCl4 injection.  
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Together our data reveal a novel mechanism by which AREG regulates the local 

availability of bio-active TGF-β and induces pericyte differentiation duing acute 

wound healing. 

2.2 Introduction 

Maintenance of tissue homeostasis is a critical function of the body. Organisms are 

susceptible to various insults occurring due to pathogens, physical or chemical factors 

deviating them from the homeostatic state. Such insults trigger an initial inflammatory 

response to limit the injury which is then followed by restoration of tissue to promote 

wound closure (Martin, 1997). Immune factors including TH2 cytokines such as IL-4 

and IL-13 are involved alongside the developmental and regenerative factors such as- 

Wnt, Notch and growth factors such as EGF, FGF, IGF, TGF-β to facilitate wound 

closure (Steed, 1997). A complex and co-ordinated interplay of immuno-

developmental factors mediates cell proliferation, differentiation and migration to 

restore the homeostatic functions (Barrientos et al., 2008). Failure of temporal and/or 

spatial action of one or more of the contributing factors may compromise the process 

of wound repair (Mescher and Neff, 2005).  

The EGFR pathway is associated with acute and chronic damage induced regeneration 

in the liver (Bhushan et al., 2017); (Komposch and Sibilia, 2015) and kidney (Tang et 

al., 2013) amongst other organs. Particularly, AREG, an EGF-like growth factor is 

upregulated during tissue injury (Burzyn et al., 2013); (Fujiu et al., 2017) and organ 

fibrosis (Morimoto et al., 2018); (Perugorria et al., 2008). Previous publications have 

shown that administration of recombinant AREG promotes the process of tissue 

healing post injury (Arpaia et al., 2015); (Jamieson et al., 2013); (Burzyn et al., 2013); 

(Monticelli et al., 2011) in various experimental settings. However, the mechanism by 

which AREG contributes to the process of tissue repair remains unexplored.  

Likewise, factors such as TGF-β are also involved in tissue homeostasis, repair and 

fibrosis (Chen and Ten Dijke, 2016). Thus TGF-β is regarded as a pleiotropic factor 

in view of its diverse of functions. TGF-β is involved in the process of wound healing 

at multiple stages (Pakyari et al., 2013). At the onset of damage induced healing, 
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extracellular matrix deposition and tissue remodelling are modulated by TGF-β 

(Verrecchia and Mauviel, 2002). However, in order to exhibit its functions, TGF-β 

needs to be in its bioactive form (Khalil, 1999). Activation of TGF-β can be achieved 

by physical, chemical or molecular factors usually controlled by the local tissue 

environment (Dong et al., 2017); (Shi et al., 2011); (Khalil, 1999). Molecules such as 

αv integrins can also direct TGF-β activation locally allowing for matrix remodeling 

(Munger et al., 1999); (Henderson and Sheppard, 2013). I was therefore keen to 

address the mechanism by which AREG contributes to tissue repair, and if it does so, 

independently, or in conjunction with other factors such as TGF-β. 

In this chapter, I have shown that following a CCl4 elicited acute liver damage, absence 

of AREG leads to a delay in restoration of vascular barriers. AREG contributes to liver 

restoration by differentiating the tissue residential pericytes into collagen producing 

myofibroblasts upon acute injury. The differentiation is directed via the activation of 

integrin αv complex which in turn allows the conversion of latent TGF-β to its bio-

active form in order to mediate differentiation of pericytes. The absence of Egfr on 

pericytes compromises the release of bioactive TGF-β preventing their differentiation.    

2.3 Methodology 

The in vivo model of acute liver damage involved a sterile injury generated due to a 

single CCl4 injection on the liver (Detailed in materials and methods 6.6.1). Mice were 

harvested as indicated to test for specific parameters. 

Acute wound injury model 
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2.4 Results 

2.4.1 WT and Areg deficient animals are equally susceptible to 
damage 

WT C57BL/6 and Areg gene deficient mice were administered with CCl4 and 

harvested on days 1, 3 or 7 post injury. To assess liver damage, the serum from these 

mice was tested for aspartate aminotransferase (AST) and alanine aminotransferase 

(ALT) which are enzymes released upon liver injury (Limdi and Hyde, 2003). The 

levels of AST and ALT increased about 10-fold on day 1 post injury and had reduced 

to basal levels by day 3 (Figure 2.1A and B). However, there were no significant 

differences in the AST and ALT levels amongst the WT and Areg-/- animals on a 

specific day indicating a comparable extent of liver damage and recovery of its 

function (Figure 2.1A and B).  

To examine the gross changes in the liver post CCl4 injection, I stained fixed sections 

for hematoxylin and eosin (H and E). Microscopic examination displayed damage 

around the vasculature caused by the necrosis and inflammation upon the CCl4 

administration in both WT and Areg-/- strains (Figure 2.1C). The stained sections were 

scored by a liver pathologist in a blinded fashion for inflammation (Figure 2.1D) and 

necrosis (Figure 2.1E). The parameters for necrosis and inflammation scores are 

indicated in tables 6.3 and 6.4 in the materials and methods chapter.       



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

 Amphiregulin mediates tissue restoration via activation of local TGF-β 35 

 

Figure 2-1 Areg-/- mice show comparable damage to WT mice 
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WT and Areg-/- mice were injected with CCl4 on day 0 and harvested on days 1, 3 and 7. (A) AST 

and (B) ALT levels measured from the serum on days 1, 3 and 7 post injury. (C) Representative 

images from haematoxylin and eosin stained liver sections captured at magnification x20. Scale 

bars indicate 50µm (D) Inflammation scores and (E) Necrosis scores assigned by a liver pathologist 

upon examination of slides in (C). Each symbol represents a sample. Significance was determined 

by the 2-way ANOVA for comparison between WT and Areg-/- mice for each timepoint. Data 

representative from 2 experiments except for (C). Bars represent mean ± SEM. 

2.4.2 Cell dynamics and reparative gene expression is 
comparable in Areg knockout mice  

In addition to comparing the liver damage parameters, I isolated and stained liver cells 

from injured WT and Areg-/- mice on day 1 and day 3 for flow cytometric analysis to 

study cell dynamics post injury. Certain cell types are associated with a pro-

inflammatory or pro-reparative response (Minutti et al., 2017b) and studying their 

numbers was an initial step to determine differences and if the recovery process was 

altered in Areg-/- mice following CCl4 induced damage. The gating strategy is shown 

in Figure 2.2A. There was neutrophilia on day 1 post injury with a threefold increase 

in neutrophils that returned to basal levels on day 3. The injury resulted in a reduction 

in Kupffer cells accompanied by an infiltration of monocyte derived macrophages 

(CD11b+ Ly6chi). The number of resident Kupffer cells reduced initially on day 1, 

following which they gradually increased till day 7 (data not presented). The dendritic 

cells numbers remained unaltered. Taken together, the percentage of different cell 

types remained comparable in the WT and KO mice on days 1 and 3 post injury (Figure 

2.2B).  

Additionally, I measured the expression of pro-reparative genes such as α-Smooth 

Muscle Actin (Acta2) which is a measure of myofibroblast activation as well as 

collagen 1 (Col1a1) and collagen 3 (Col3a1) genes to determine collagen deposition. 

Both myofibroblasts and collagen are correlated with liver repair (Rockey et al., 2013). 

I believed that Areg-/- mice would show a regression in gene expression and/ or a delay 

in expression of these genes. However, the gene expression of Acta2, Col1a1 and 

Col3a1 did not significantly differ in both strains (Figure 2.2 C-E). In a pilot 

experiment, WT and Areg-/- mice administered with CCl4 on day 0 and harvested on 
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days 1, 2 and 3 post injury failed to show any obvious trend or differences in expression 

of tissue repair genes (data not shown) amongst WT and knockout groups on a 

particular day. Retrospectively, this may not be surprising as a liver is highly 

regenerative (Michalopoulos, 2010) and can promote repair rapidly making it difficult 

to narrow down upon a time-point. Alternatively, a single CCl4 injection may not be 

enough to elicit a measurable response in terms of collagen deposition. 
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Figure 2-2 Areg-/- mice show a similar expression of pro-repair factors  
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(A, B) WT and Areg-/- mice were injected with CCl4 on day 0 and harvested on days 1 and 3. (A) 

Gating strategy for inflammatory cells from the liver. (B) Neutrophils, Monocytes, Kupffer cells 

(KCs) and Dendritic cells (DCs) represented as a percentage of hematopoietic cells. Results from 

one experiment.  (C-E) WT and Areg-/- mice were injected with CCl4 on day 0 and harvested on 

day 3.  Gene expression of (C) Acta2, (D) Col1a1 and (E) Col3a1 normalized to Rn18s. 

Representative data from 3 experiments. Each symbol denotes a sample. Significance was 

determined by the Mann-Whitney test for comparison between WT and Areg-/- mice for each 

timepoint. Bars represent mean ± SEM. 

2.4.3 Amphiregulin deficient animals have a compromised 
vascular barrier. 

To quantify necrosis in WT and Areg-/- mice, I used the Periodic Acid Schiffs (PAS) 

stain to examine necrotic areas. PAS stains glycogen, glycolipids and mucins in tissues 

whereas the absence of staining indicates necrotic areas (Bennett et al., 1995). The 

advantage of PAS over H and E is a clear demarcation of the necrotic plaques which 

can be quantified. Representative images from PAS stained sections from WT and 

Areg-/- mice are shown in Figure 2.3A. The lighter area is necrotic, and the cells stained 

in purple are healthy. I used trainable WEKA segmentation in Fiji software to detect 

subtle differences and quantify healthy and necrotic areas within a section. On day 1 

post injury, the Areg-/- animals showed 57.04 ± 3.496% of PAS pale necrosis as 

opposed to 35.15 ± 2.841% in WT animals (Figure 2.3B). Since Areg-/- animals have 

the same extent of damage as the WT mice indicated by the comparable AST and ALT 

in figure 2.1A and 2.1B, around a 20% higher necrosis in the Areg-/- animals may 

suggest a compromised ability in repairing the damage.  

Since necrotic areas were usually located surrounding the liver vasculature, I used the 

Evan’s blue assay to study the vasculature integrity of after damage (Radu and 

Chernoff, 2013). Evan’s blue is routinely used for determining the blood brain barrier 

leakage as well as vascular leakage in the lung. Since this was not a conventional assay 

for the liver, I performed a pilot experiment using only WT mice injected with CCl4 or 

olive oil controls. Evan’s blue was injected 3 hours before harvest on day 1 and 3. 

Upon extraction of Evan’s blue from the tissue, the CCl4 administered mouse livers 

showed a 4.079 ± 0.4436% -fold higher Evan’s blue on day 1 in comparison to 0.7944 
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± 0.115% to the olive oil controls. On day 3, there was comparable retrieval of the dye 

from the livers of CCl4 injured mice to the olive oil administered mice (Figure 2.3C) 

indicating recovery of the barrier function on day 3. Following this, I compared the 

Evan’s Blue leakage in WT and Areg-/- animals on day 3 where I observed that the 

Areg-/- mice showed a higher leakage of Evan’s Blue (Figure 2.3D). These data 

indicate that Areg gene deficient mice show a compromised ability to restore vascular 

integrity post a CCl4 induced tissue damage.   
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Figure 2-3 Areg-/- mice show a compromised vascular repair 

WT and Areg-/- mice were injected with CCl4 on day 0 and harvested on days 1 or 3. (A) 

Representative images from PAS stained liver sections at magnification x20. Scale bars indicate 

50µm. (B) Quantification of necrotic tissue as a percentage of total tissue in FIJI software using 

PAS stained slides. Representative of a single experiment. (C) Evan’s blue extravasation from WT 

mice injected with oil or CCl4 harvested on day 1 and 3. Experiment performed once; Result 

consistent for all similar experiments performed. (D) Evan’s blue extravasation from WT and Areg-

/- mice on day 3 post CCl4 injection compared to olive oil treated control. Significance was 
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determined by the Mann-Whitney test. Bars represent mean ± SEM. Each symbol denotes a sample. 

Bars represent mean ± SEM.* p<0.05, ** p<0.01, ***p<0.001. 

2.4.4 Recombinant AREG causes pericytes to differentiate in 
vitro. 

I chose to use an in vitro approach to delineate the contribution of AREG in tissue 

restoration post injury. Myofibroblasts majorly contribute to tissue repair and may be 

derived from activation of tissue pericytes- alternatively termed as hepatic stellate cells 

(HSCs) in case of the liver (Hinz et al., 2007). One of the functions of pericytes include 

maintenance of barrier integrity (Birbrair et al., 2017). Since Areg-/- mice showed a 

delayed restoration of vascular integrity and repair, I hypothesized that HSC 

differentiation may be affected in absence of AREG. 

I isolated HSCs from WT naïve mice and cultured them over a few days. The cells 

were tested for gene expression of Acta2 - a marker of myofibroblast activation on 

days 1, 1.5, 2, 3 and 5. These WT HSCs upregulated Acta2 and Col1a1 genes 

indicating myofibroblast activation and collagen accumulation over a period of days 

(Figure 2.4A). However, these pericytes in culture did not upregulate Areg as they 

differentiated (Figure 2.4B) indicating that pericytes themselves may not be producing 

AREG in an autocrine fashion but possibly respond to the action of AREG. 

I then chose to explore the function of AREG for which I treated primary pericytes 

isolated from WT animals with increasing concentrations of rAREG ranging from 0- 

100 ng/ml for 24 hours. AREG contributed to HSC activation and differentiation as 

denoted by an increase in Acta2 gene expression (Figure 2.4C). Additionally, I chose 

to test if TGF-β differentiates the HSCs since TGF- β actively plays a role in wound 

healing, fibrosis and is associated with stem cell renewal and differentiation (Chen and 

Ten Dijke, 2016). To this end, I treated isolated pericytes with rTGF- β for 24 hours 

and observed that they upregulated Acta2 expression indicating differentiation (2.4D). 

Taken together both rAREG and rTGFb induce pericyte differentiation.  
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Figure 2-4 Action of rAREG and rTGF-β on primary HSCs in vitro 

(A) Expression of Acta2 and Col1a1 and (B) Areg, normalised to Rn18s from WT pericytes isolated 

on day 0 and cultured for 5 days. Symbols represent a mean of technical duplicates; Representative 

of a single experiment. (C) Expression of Acta2 normalised to Rn18s from primary WT pericytes 

treated with rAREG for 24 hours. Representative data from 2 independent experiments. (D) 

Expression of Acta2 normalised to Rn18s represented as fold change from primary WT pericytes 

treated with rTGF-β for 24 hours. Data pooled from 2 experiments. Each symbol denotes a sample. 

Significance was determined by the 1-way ANOVA for (A and C) and by the Mann-Whitney test 

for (D) Bars represent mean ± SEM.  * p<0.05, ** p<0.01, ***p<0.001. 
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2.4.5 Egfr knockout pericytes show a regression in 
differentiation 

We targeted the Egfr on pericytes to determine the action of rAREG and if pericytes 

are the target of AREG. I therefore crossed the Pdgfrb:cre mice obtained from Prof. 

Neil Henderson, with Egfrfl/fl mice to generate Egfr specific pericyte knockout mice 

(Foo et al., 2006).  

For validation of the knockout, I isolated pericytes from WT and Pdgfrb:cre x Egfrfl/fl 

animals and extracted their DNA. I then performed the Egfr WT/flox and Egfr deletion 

PCRs. My results show that Egfr was floxed out with an efficiency of 89.2% from the 

knockout animals (Figure 2.5A). 

To test the differentiation potential of these pericytes, I cultured pericytes isolated from 

Pdgfrb:cre x Egfrfl/fl mice in parallel with WT pericytes wherein the former showed a 

reduced differentiation in culture on day 3 and 5 but not on the initial days i.e. day 1 

and 2 (Figure 2.5B). Since the Acta2 gene expression was comparable on day 1 and 2 

from the Pdgfrb:cre x Egfrfl/fl pericytes, I tested the effect of rAREG on primary 

pericytes isolated from Pdgfrb:cre x Egfrfl/fl mice. Pdgfrb:cre x Egfrfl/fl pericytes failed 

to differentiate upon the addition of rAREG (Figure 2.5C). However, rTGF-β 

successfully induced pericyte differentiation in Pdgfrb:cre x Egfrfl/fl mice (Figure 

2.5D). Since TGF-β rescued the Pdgfrb:cre x Egfrfl/fl pericytes, we hypothesized that 

TGF-β was downstream of AREG. I then tested if rAREG governs the action of TGF-

β for which I treated WT pericytes with rAREG and then added their culture 

supernatant of 24 hours on plated Thymic Mink Lung Epithelial Cells (TMLCs). 

TMLCs are transgenic cells containing a plasmid with luciferase gene downstream of 

the PA-1 promoter which responds to only bio-active TGF-β (Abe et al., 1994). My 

data showed that rAREG treatment not only induced differentiation but additionally 

increased the percentage of bio-active TGF-β in WT pericytes (Figure 2.5E). The 

Pdgfrb:cre x Egfrfl/fl pericytes failed to activate TGF-β (Figure 2.5F).   

Taken together, these data indicate that abrogation of Egfr on pericytes compromises 

their differentiation with or without the action of rAREG. 
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Figure 2-5 Characterisation of Pdgfrb:cre x Egfrfl/flpericytes   

(A) Primary pericytes were isolated from WT C57BL/6, Egfrflox/flox or Pdgfrb:cre x Egfrfl/fl mice 

and were cultured into myofibroblasts. DNA extraction and PCR showed that the pericytes isolated 
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expressed the WT band (1000bp), Egfrfl/fl band (1100bp) or the deletion band (500bp) respectively; 

deletion efficiency being 89.2% from Pdgfrb:cre x Egfrfl/fl pericytes.  

(B-D) Gene expression of Acta2 represented as relative expression with respect to Rn18s from (B) 

WT and Pdgfrb:cre x Egfrfl/flpericytes cultured over a period of 5 days. Data from one experiment. 

Symbols indicate a sample and bars represent mean ± SEM. Significance was determined by the 

Mann-Whitney test for each timepoint. (C, D) WT and Pdgfrb:cre x Egfrfl/flpericytes cultured 

overnight and treated with (C) rAREG  or (D) rTGF-β for 24 hours. Representative data from 2 

experiments (C) and 1 experiment (D).  

(E, F) Percentage of bio-active TGF-β released from (E) WT pericytes and (F) Pdgfrb:cre x Egfrfl/fl. 

Data combined from 2 experiments, repeated twice for (E) and representative of 2 experiments for 

(F). Significance determined by the Mann-Whitney test. 

Bars represent mean ± SEM.* p<0.05, ** p<0.01, ***p<0.001. 

2.4.6 AREG stimulates production of TGF-β via αv integrin 
complexes 

I proceeded to investigate the intermittent molecular players between AREG and the 

release of bio-active TGF-β. One of the factors regulating the activation of latent TGF-

β are the integrin molecules present on the cell surface (Munger et al., 1999).  

At the outset, I wanted to investigate if rAREG addition to pericytes altered integrin 

αv expression. I treated primary pericytes from WT animals with rAREG for a period 

of 6 hours, 12 hours and 24 hours after which I stained them for integrin αv and 

acquired them using the flow cytometer. The integrin expression remained constant 

over time (Figure 2.6A). Thus, we speculated that the activation of integrins may be 

affected, but not their expression. We collaborated with Prof. David Griggs who kindly 

shared his integrin αv inhibitor CWHM-12. Treatment of primary pericytes with 

CWHM-12 reduced their differentiation (Figure 2.6B) as well as the production of bio-

active TGF-β (2.6C). Addition of TGF-β inhibitor Alk5i to pericytes also reduced their 

differentiation indicating the importance of AREG induced bio-active TGF-β in 

differentiation (Figure 2.6B). 
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Together these data may indicate that AREG promotes the production of TGF-β via 

the αv integrin complexes. 

   

  
Figure 2-6 Blockade of integrin αv complexes prevents release of bio-active     

TGF-β 

(A-C) Primary HSCs were isolated from livers of WT animals and were treated with rAREG as 

indicated. (A) Integrin-αv expression on cell surface at different time points as determined by 

FACS. Data from 4 replicates. (B) Gene expression of Acta2 relative to Rn18s from HSCs treated 
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with integrin αv inhibitor CWHM-12 or TGF-βR inhibitor Alk5i in the presence and absence of 

rAREG.  (C) Percentage of Bio-active TGF-β released upon treatment HSCs with integrin inhibitor 

CWHM-12. (B, C) Representative data from 2 independent experiments. Significance determined 

by the 1-way ANOVA for (A) and (C) and the 2-way ANOVA for (B) for differences between 

groups and treatments. Bars represent mean ± SEM.* p<0.05, ** p<0.01, ***p<0.001. 

2.4.7 Pdgfrb:cre x Egfrfl/fl mice show comparable damage to 
WT mice 

Due to an indication of compromised differentiation in Pdgfrb:cre x Egfrfl/fl pericytes, 

I chose to study the effect of CCl4 induced damage in this mouse strain. Pdgfrb:cre x 

Egfrfl/fl and Egfrfl/fl mice were subjected to a single CCl4 injection or olive oil for the 

vehicle on day 0. The AST and ALT levels measured from the serum indicate 

comparable damage in Pdgfrb:cre x Egfrfl/fl and WT mice on day 1 which reduces 

considerably on day 3 (Figure 2.7A and B). A histological examination shows necrotic 

areas from H and E and PAS stained sections on day 3 post injury from Pdgfrb:cre x 

Egfrfl/fl and Egfrfl/fl littermate controls (Figure 2.7C). The inflammation and necrosis 

scores were determined blindly by Dr. Tim Kendal and show no gross differences 

(Figure 2.7D and E). The parameters for necrosis and inflammation scores are 

indicated in tables 6.3 and 6.4 in the materials and methods chapter.       

These data suggest a comparable damage in the Pdgfrb:cre x Egfrfl/flmouse strain 

compared to their Egfrfl/fl littermate controls.  
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Figure 2-7 Pdgfrb:cre x Egfrfl/fl mice show comparable damage to WT 

Pdgfrb:cre x Egfrfl/fl and Egfrfl/fl were injected i.p with olive oil or CCl4 on day 0 and culled on days 

1 and 3. (A) AST and (B) ALT levels measured from the serum on days 1 and 3. (C) Representative 

images from H and E and PAS stained liver section at x20 magnification. Scale bars indicate 50µm 

(D) Inflammation scores and (E) Necrosis scores assigned by a liver pathologist upon examination 

of slides in (C). Each symbol denotes a sample. Significance was determined by the 2-way 

ANOVA for comparison between Pdgfrb:cre x Egfrfl/fl and Egfrfl/fl mice for each timepoint in (A) 

and (B). Data representative from 1 experiment. Bars represent mean ± SEM. 

2.4.8 Pdgfrb:cre x Egfrfl/fl mice show an increased vascular 
permeability upon damage 

Pdgfrb:cre x Egfrfl/fl and Egfrfl/fl littermates were subjected to CCl4 induced liver 

damage. The mice were harvested on day 3 post injury to assess the gene expression 

of repair associated genes such as Acta2, Col1a1 and Col3a1. The expression of each 

of these genes from the knockouts did not significantly differ from that of the littermate 

controls (Figure 2.8 A-C).  

In lines with higher Evan’s blue extravasation observed in the Areg-/- mice despite 

comparable damage and gene expression of repair factors, I performed the Evan’s blue 

extravasation assay on Pdgfrb:cre x Egfrfl/fl and Egfrfl/fl mice. Mice were administered 

with CCl4 and harvested 3 days post injection after Evan’s blue administration. Livers 

harvested from Pdgfrb:cre x Egfrfl/fl mice retained about twice the amount of evan’s 

blue in comparison to Egfrfl/fl littermates (Figure 2.8D) suggesting a compromised 

restoration of barrier integrity. 
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Figure 2-8 Vascular permeability in Pdgfrb:cre x Egfrfl/fl mice 

Pdgfrb:cre x Egfrfl/fl and Egfrfl/fl mice were injected with CCl4 on day 0 and harvested on days 1 or 

3. (A-C) Gene expression of (A) Acta2, (B) Col1a1 and (C) Col3a1 normalized to Rn18s. 

Representative data from 2 experiments. (D) Evan’s blue extravasation from Pdgfrb:cre x Egfrfl/fl 

and Egfrfl/fl mice on day 3 post CCl4 injection compared to olive oil treated control normalized to 

liver weight. Representative data from 1 experiment. Significance was determined by the Mann-

Whitney test for comparison between mice for each timepoint. Each symbol denotes a sample 

where circles indicate Egfrfl/fl mice whereas squares indicate Pdgfrb:cre x Egfrfl/fl mice. Bars 

represent mean ± SEM. * p<0.05, ** p<0.01, ***p<0.001. 

2.4.9 Lysm:cre x Aregfl/fl mice and Aregfl/fl mice are equally 
susceptible to damage  
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The role of macrophages in wound healing is well established. Since AREG is 

associated with a TH2 response (Zaiss et al., 2006) and macrophages produced AREG 

during recovery after partial hepatectomy (Berasain et al., 2005), we hypothesized that 

macrophages could possibly be a source of AREG. To this end I crossed Lysm:cre 

mice with Aregfl/flmice to target Areg on myeloid cells.  

In a parallel set of experiments performed using a model of Nippostrongylus 

brasiliensis induced lung injury, our data suggest a delayed wound healing response 

in Areg-/- mice. Upon FACS staining for AREG in the lung cell suspensions, maximum 

co-staining was observed with the alveolar macrophages. To target macrophage 

derived AREG in both these organs, we used a myeloid cell specific Lysm:cre (Clausen 

et al., 1999) transgenic mice which were available to us and crossed these mice with 

Aregfl/flmice. These mice have been validated for AREG expression upon 

Nippostrongylus brasiliensis induced damage (Appendix, Supplemental figure 4) 

I injected Lysm:cre x Aregfl/flmice and their littermate Aregfl/flmice with CCl4 on day 0. 

Immediately upon injury, the AST and ALT levels in the serum of these mice increased 

10-fold on day 1. Levels of both enzymes had dropped around day 3 (Figure 2.9A, B). 

This was in line with our observations in Areg-/- mice and Pdgfrb:cre x Egfrfl/f mice. 

To probe into the extent of damage, I imaged sections stained with H and E and PAS 

from Lysm:cre x Aregfl/flmice  and their littermates on day 3 post injury. H and E 

staining showed inflammation and necrotic areas in both the mouse strains (Figure 2.9 

C). The damage in terms of inflammation (Figure 2.9D) elicited and necrosis (Figure 

2.9E) was quantified blindly by Dr. Tim Kendal. The parameters for necrosis and 

inflammation scores are indicated in tables 6.3 and 6.4 in the materials and methods 

chapter.        
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Figure 2-9 Comparable damage in Lysm:cre x Aregfl/flmice  

Lysm:cre x Aregfl/flmice  and Aregfl/fl mice were administered with olive oil or CCl4 on day 0 and 

culled on days 1 and 3. (A) AST and (B) ALT levels measured from the serum on days 1 and 3. 

(C) Representative images from H and E and PAS stained liver section at x20 magnification. 

Necrotic areas have been indicated by arrows. Scale bars indicate 50µm (D) Inflammation scores 

and (E) Necrosis scores assigned by a liver pathologist upon examination of slides in (C). Each 

symbol denotes a sample where circles indicate Aregfl/fl mice whereas squares indicate Lysm:cre x 

Aregfl/flmice. Bars. Significance was determined by the 2-way ANOVA for comparison between 

Lysm:cre x Aregfl/flmice and Aregfl/fl mice for each timepoint. Data representative of 2 experiments. 

Bars represent mean ± SEM. 

2.4.10 Lysm:cre x Aregfl/fl mice show comparable gene 
expression and vascular permeability  

Since the Lysm:cre x Aregfl/fl mice show similar extent of damage to their littermate 

controls, I examined the extent of repair in these strains. To this end, I measured gene 

expression and evan’s blue extravasation on day 3 post CCl4 induced damage. The 

gene expression of Acta2 remained comparable suggesting myofibroblast activation 

upon damage (Figure 2.10A). Likewise, expression of collagen 1 and 3 genes in the 

Lysm:cre x Aregfl/fl mice was similar to the littermate controls (Figure 2.10B). In a pilot 

experiment, Lysm:cre x Aregfl/flmice harvested 1, 3 and 7 days post CCl4 injection did 

not show any definitive trend (data not shown).  

I performed the Evan’s blue extravasation assay on Lysm:cre x Aregfl/fl mice and 

Aregfl/flmice. The Lysm:cre x Aregfl/fl mice showed a higher evan’s blue leakage in 

comparison to those of the Aregfl/fl littermates. This indicates that Lysm:cre targeted 

myeloid cells may be contributing to vascular repair.  
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Figure 2-10 Comparable repair in Lysm:cre x Aregfl/fl mice 

Lysm:cre x Aregfl/fl and Aregfl/flmice were injected with CCl4 on day 0 and harvested on days 1 or 

3. (A-C) Gene expression of (A) Acta2, (B) Col1a1 and (C) Col3a1 normalized to Rn18s. 

Representative data from 2 experiments. (D) Evan’s blue extravasation from Lysm:cre x 

Aregfl/flmice and Aregfl/fl mice on day 3 post CCl4 injection compared to olive oil treated control 

normalized to liver weight. Representative data from 4 experiments. Significance was determined 

by the Mann-Whitney test for comparison between mice for each timepoint. Each symbol denotes 

a sample and bars represent mean ± SEM.  
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2.5 Discussion 

Many studies have presented that AREG contributes to restoration of tissue integrity 

post injury in different organs (Arpaia et al., 2015); (Burzyn et al., 2013); (Jamieson 

et al., 2013); (Monticelli et al., 2011). I used an in vivo and in vitro approach to 

determine the role of AREG in wound repair. Herein, my experiments revealed a 

previously unexplored mechanism by which AREG contributes to tissue repair. I show 

using in vitro experiments that rAREG enhances the differentiation of tissue residential 

precursor cells, namely the pericytes, into collagen producing myofibroblasts via 

integrin mediated activation of TGF-β. The differentiation of pericytes restores tissue 

integrity and barrier function.  

Depending upon the purpose of study, models such as carbon tetrachloride, 

acetaminophen, thioacetamide are used to study pharmacological aspects of acute 

hepatic injury whereas the surgical models such as hepatectomy are used to study 

regeneration (Rahman and Hodgson, 2000). My in vivo findings using the CCl4 model 

indicate a comparable damage as per the AST and ALT values in global Areg 

knockouts as well as cell-specific knockouts such as LysM:Cre x Aregfl/fl and 

Pdgfrb:Cre x Egfrfl/fl mice. The early AST and ALT elevation is correlated with 

damage in other models such as the paracetamol induced liver injury (Janbaz et al., 

2002); (Uchida et al., 2017).  

This established baseline of damage allowed us to compare liver repair using different 

parameters. The expression of tissue repair genes- Acta2, Col1a1 and Col3a1 did not 

differ at a given time point for any of the strains, even in the pilot experiments where 

I examined the expression of these genes on 3 consecutive days post damage. Such a 

finding may not be surprising due to the efficient capacity of the liver to regenerate 

(Fausto et al., 1995); (Michalopoulos, 2010) and a single CCl4 injection may not elicit 

considerable damage. The measurement of PAS pale necrosis in the Areg-/- mice 

indicated a higher centrilobular necrosis on day 1 post CCl4 induced damage in the 

knockout animals indicating a probably slower pace of repair in the knockout. 

However, the lack of clarity in the necrotic area as days progressed, made it difficult 

for defining the areas and training the program in normal versus necrotic areas. On day 
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3 post damage, the necrosis and inflammation scored blindly by a liver pathologist 

were comparable in the various strains of mice. Other groups have looked at necrosis, 

AST and ALT levels (Mossanen and Tacke, 2015) quantified hepatocyte proliferation 

as a parameter for liver repair showing that it was markedly reduced in the knockouts 

of their interest, 48 hours following CCl4 induced injury (Nakamura et al., 2004); 

(Otsuka et al., 2002). 

To examine barrier function, I used the Evan’s blue assay which commonly used to 

measure vascular permeability of the blood brain barrier (Saunders et al., 2015) as well 

as the lung vasculature (Chen et al., 2014). Due to the necrosis observed around the 

central vein, I attempted the Evan’s Blue assay to measure the vascular leakage in my 

liver injury model. My data suggested a higher leakage on day 1 which reduced to 

baseline on day 3 following CCl4 injury in WT mice. Interestingly, the Areg gene-

deficient mice demonstrated a higher leakage even on day 3 indicating a delayed 

restoration of vasculature. Likewise, I observed a delayed restoration of barrier 

function in the LysM:Cre x Aregfl/fl and a trend towards the same in the Pdgfrb:Cre x 

Egfrfl/fl mice. These findings suggest a role of myeloid cell derived AREG targeting 

the EGFR on pericytes to restore vascular function.  

Since the vascular permeability was a striking observation in our mouse experiments, 

I pursued an in vitro approach and tested the effect of rAREG on primary pericytes 

(Hepatic stellate cells). In various studies concerning wound healing and fibrosis, 

pericytes surrounding the vasculature get activated upon injury and differentiate into 

myofibroblasts (Friedman, 2008); (Hinz et al., 2007). My data shows that addition of 

rAREG and rTGF-β, trans-differentiated the primary pericytes to myofibroblasts. 

Former publications using primary hepatic stellate cells as well as fibrogenic cell lines 

have demonstrated an upregulation in the pro-fibrotic factors such as TIMP-1, CTGF 

and Areg upon treatment with rAREG (Perugorria et al., 2008). Cell lines such as 

NIH3T3 fibroblasts also upregulate the differentiation genes such as Acta2, Col1a1 

upon action of rAREG (Zhou et al., 2012). (Zhou et al., 2012) interestingly showed 

that TGF-β1 stimulates AREG production during pulmonary fibrosis. However, my 

data in contrast shows that TGF-β is downstream of AREG and that AREG modulates 

the bioavailability of TGF-β. This is substantiated by the data from pericyte specific 
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Egfr knockout mice whose pericytes lacked differentiation and the failed to promote 

production of bio-active TGF-β upon the action of rAREG. Moreover, addition of 

rTGF-β to pericytes from these Pdgfrb:Cre x Egfrfl/fl mice rescued their phenotype. 

Furthermore, I demonstrated that the bioavailability of TGF-β was regulated by the 

activation of integrin αv complexes. This is in line with the key finding in (Henderson 

et al., 2013) that target integrin αv complexes for limiting liver fibrosis.  

The current work could be improved on various fronts. For instance, my in vivo model 

of CCl4 induced damage showed differences in nothing but the vascular permeability. 

A more robust model with several readouts would have allowed me to critically 

analyse the experiments in more detail and derive conclusions from these data. To this 

end, I collaborated with a colleague Dr. Carlos Minutti who used Nippostrongylus 

brasiliensis mediated lung injury and demonstrated the role of AREG in tissue repair. 

Additionally, elegant rescue experiments using rTGF-β in the various knockout mice, 

substantiated the hypothesis I proposed (Refer Apprendix) using in vitro experiments. 

My in vitro experiments required an extensive amount of optimisation where I isolated 

and cultured primary pericytes following which I established the appropriate 

concentration as well as the time of harvest to examine the effect of rAREG and rTGF-

β. This was quite challenging since I tested batches of FBS in different concentrations 

over days to rule out the spontaneous pericyte differentiation. These conditions 

remained consistent for the lung primary pericytes (Refer Appendix) which were 

isolated by FACS sorting as opposed to those from the liver which I purified via a 

density gradient.  

For the experiments performed in this chapter and the paper attached in the appendix, 

I bred mice carrying the ‘Cre’ transgene downstream of cell specific promoters to 

target the Lox P flanked gene of our interest in specific cells. Upon Cre activation in a 

cell, the region of the target gene flanked by the lox P sites is deleted, inverted or 

translocated depending upon the action of the Cre impacting its gene function (Sauer, 

1998). Although this system has allowed to test for exciting possibilities, the Cre-lox 

system comes with its set of drawbacks.  Under ideal circumstances the expression of 

Cre would be limited to adult cells with no ectopic expression of Cre during 

development, or in the germline leading to unintentional knocking out of genes (Song 
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and Palmiter, 2018). Due to the insertions of Cre and LoxP sites in the loci of the 

genes, it may be essential to validate the mice in parallel along with WT for cellular 

characterisation and experimental conditions. Some established strains have been 

validated by earlier groups for deletion efficiencies. The Pdgfrb:Cre has been 

validated as a marker for pericytes by in skin, intestine, kidney, lung (Foo et al., 2006) 

and liver (Henderson and Sheppard, 2013). Previous work has shown that lysozyme 

M (LysM) expression may occur during development but may be elevated during 

infections (Keshav et al., 1991). LysM:Cre targets bone marrow derived macrophages 

to 80% efficiency, mature macrophages upto 83-90% efficiency and granulocytes with 

100% efficiency (Clausen et al., 1999). LysM:Cre as well as CD11c:Cre target 

alveolar macrophages with 95% efficiency (Abram et al., 2014) whereas lung 

eosinophil targeting is limited 20% efficiency (McCubbrey et al., 2017). This may 

explain the results in Supplemental figure 4A in the appendix which show about 15% 

AREG expressing alveolar macrophages in the WT Aregfl/fl animals and around 3- 4% 

AREG expressing cells in the LysM:Cre x Aregfl/fl animals. This could probably be 

attributed to the nearly perfect but not fully efficient targeting by LysM:Cre (95% 

penetrance) or due to the false positive staining of the AREG antibody.  

Collectively, these data illustrate a mechanism wherein two key pathways- the EGFR 

and TGF-β pathway work in conjunction to achieve wound healing and restore barrier 

function. In addition to wound healing, AREG has been associated with fibrosis 

(Morimoto et al., 2018); (Perugorria et al., 2008), development of tumours (Busser et 

al., 2011) and in enhancing the immune function of regulatory T cells (Zaiss et al., 

2013). Although TGF-β is required for a plethora of functions during development 

(Shull et al., 1992), maintenance of cell and tissue homeostasis (Kulkarni et al., 1993); 

(Yu et al., 2017) and wound healing and fibrosis (Verrecchia and Mauviel, 2002), its 

activation is regulated by various mechanisms (Khalil, 1999); (Dong et al., 2017). 

Here, we uncover a novel mechanism where AREG-EGFR axis modulates the 

bioactive TGF-β via the activation of integrin-αv complexes on the cell surface. 

Seminal publications have established the role of integrin-αv in wound healing and 

fibrosis and modulation of TGF-β (Munger et al., 1999); (Henderson and Sheppard, 

2013). These findings align with the current views in literature where the activation of 
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EGFR by high and low affinity binding ligands leads to phosphorylation of specific 

EGFR tyrosine residues, such as tyrosine-992 in case of AREG (Gilmore et al., 2008); 

(Minutti et al., 2017a). A tonic activation of EGFR and the phosphorylation of tyrosine 

992 has shown to activate PLCγ (Jorissen et al., 2003). Ligand binding to EGFR may 

elicit proliferation or differentiation functions depending on the affinity of ligand 

binding and downstream signaling. High affinity ligands such as EGF, TGF-α and HB-

EGF may result in proliferation (Zaiss et al., 2006) contrast to the action of low affinity 

ligands such as AREG that which we show induces differentiation. Conversely, my 

data from chapter 3 as well as a former finding suggests that HB-EGF a high affinity 

ligand blocks differentiation of hepatic stellate cells as well as TGF-β activation 

perhaps due to tending towards its proliferation function (Huang et al., 2012).  These 

findings concur with the current molecular framework to support the AREG-EGFR- 

TGF-β axis. 
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Chapter 3: Role of Amphiregulin and HB-EGF in 
chronic liver injury 

3.1 Summary  

The preceding chapter and the appendix highlighted the role of the EGF-like growth 

factor Amphiregulin (AREG) in vascular repair. I showed that rAREG differentiates 

pericytes into myofibroblasts which contribute to collagen production and wound 

repair. Since collagen deposition is also a hallmark of organ fibrosis, I chose to explore 

the function of AREG and another EGFR ligand- HB-EGF, in collagen deposition and 

tissue remodelling.   

The EGFR is associated with organ repair, regeneration and fibrosis (Fuchs et al., 

2014). Two EGFR ligands, AREG and HB-EGF have opposing outcomes in liver 

fibrosis (Perugorria et al., 2008); (Huang et al., 2012). Areg-/- mice show diminished 

liver fibrosis whereas Hbegf-/- mice show elevated fibrosis. To understand the 

mechanism by which EGFR mediates differential downstream effects, I used a model 

of chronic liver injury.  

Using carbon tetrachloride-induced liver injury, I aimed to recapitulate myofibroblast 

activation and collagen deposition in Areg-/-and Hbegf-/- mice as described in 

previously (Perugorria et al., 2008); (Huang et al., 2012). data from the transplant of 

WT bone marrow into Areg-/- and Hbegf-/- mice indicated reversal of the knockout 

outcome, suggesting that leukocyte-derived AREG and HB-EGF may alter the 

expression of pro-fibrotic genes.  

To identify the leukocytes that produce AREG in chronic liver injury, I crossed 

LysM:cre mice targeting myeloid cells (Abram et al., 2014), with Aregfl/fl mice. The 

LysM:cre x Aregfl/fl mice displayed an increase in the expression of profibrotic genes, 

following carbon tetrachloride administration. These data suggest that myeloid cells 

as targeted by the LysM:cre mice may not be an essential source of AREG required 

for collagen expression in the liver.  
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To investigate if hepatic stellate cells (i.e. liver pericytes) are the cellular target of 

AREG and HB-EGF, I bred Pdgfrb:cre mice with Egfrfl/fl mice to target the Egfr on 

Pdgfrb:cre containing pericytes. Unfortunately, this set of experiments remains 

inconclusive, as it showed that these mice had a diminished expansion of 

myofibroblasts in comparison to WT mice yet a comparable extent of collagen 

deposition. 

Taken together, these data show that leukocyte derived AREG contributes to 

expression of profibrotic genes after chronic liver injury and that myeloid cells may 

not be contributing to AREG expression. 

3.2 Introduction 

The liver has a remarkable regenerative capacity and can achieve full growth even 

upon excision of two thirds of its mass (Michalopoulos, 2010). The regeneration 

process differs from liver injury caused by noxious agents or toxins leading to necrosis 

of hepatocytes eliciting an inflammation followed by regeneration of the wounded 

area. However, chronic repetitive liver injury, mainly attributed to excessive alcohol 

consumption, drug overdose and hepatitis B and C virus infections, dysregulates its 

regeneration (Bataller and Brenner, 2005). Gradually, the collagens contributing 

towards tissue remodelling during the regeneration phase are replaced by non-

functional scar tissue (Pellicoro et al., 2014). This process is known as liver fibrosis 

and is characterised by an excessive extracellular matrix deposition, eventually 

disrupting organ structure and impeding its function. The end stage of fibrosis is called 

liver cirrhosis at which point fibrosis is irreversible and the liver structure and function 

are highly compromised. Moreover, the continuous proliferation and differentiation of 

cells also increases the probability of mutations to occur. Liver fibrosis thus 

predisposes to hepatocellular carcinoma and should therefore best be treated in earlier 

stages (Pellicoro et al., 2014). Liver diseases are widespread and are associated with 

high morbidity and mortality (Wynn, 2008). A thorough understanding of these 

processes would be useful to determine the leading factors that contribute to fibrosis, 

which in turn would pave the way for novel therapies (Friedman et al., 2013). 
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The EGFR is associated with organ fibrosis (Fuchs et al., 2014). Primarily, EGFR is 

regarded to be crucial in growth and development over multiple stages in the life of an 

organism (Sibilia et al., 2007). EGFR null mice die in gestation else do not survive 

beyond three weeks. EGFR in hepatocytes is dispensable during liver development 

(Threadgill et al., 1995), but its conditional loss in hepatocytes is detrimental in several 

conditions.  Perinatal deletion of EGFR in hepatocytes results in decreased body 

weight and failure to regenerate after partial hepatectomy (Natarajan et al., 2007). 

Furthermore, EGFR plays a protective role via STAT3 in preventing apoptosis 

resulting from cholestatic liver disease (Svinka et al., 2017). Taken together, these data 

suggest that EGFR is crucial for survival and post injury liver repair. 

The process of liver remodelling during the development of liver fibrosis employs 

common pathways as liver development and regeneration. The EGFR ligands AREG 

and HB-EGF which participate in repair and regeneration are also implicated in the 

development of liver fibrosis. Both AREG and HB-EGF are upregulated after partial 

hepatectomy to facilitate hepatocyte proliferation (Berasain et al., 2005); (Kiso et al., 

1995). Studies using gene-deficient mice suggest that both AREG and HB-EGF are 

involved in the development of liver fibrosis – however, appear to play opposing roles. 

In a carbon tetrachloride mediated liver fibrosis model, (Perugorria et al., 2008) found 

that Amphiregulin gene-deficient mice show diminished liver fibrosis and attributed 

Kupffer cell derived AREG as a potential contributor to fibrosis. Furthermore, two 

groups showed that Hbegf gene-deficient mice show enhanced liver fibrosis using a 

thioacetamide (Huang et al., 2012) and bile duct ligation (Takemura et al., 2013a) 

model, respectively.  

Since dysregulated tissue remodelling is a characteristic of fibrosis, I aimed to 

investigate the role of AREG and HB-EGF in myofibroblast activation and tissue 

remodelling. Moreover, since it has been demonstrated that AREG and HB-EGF are 

two EGF-like growth factors expressed by leukocytes (Zaiss et al., 2015), 

(Higashiyama et al., 1991). I wanted to investigate the cellular source of these ligands 

in liver fibrosis. 
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I utilized a model of carbon tetrachloride (CCl4) to induce liver fibrosis (Slater et al., 

1985) over a period of 6 weeks. CCl4 acts by forming free radicals that bind to oxygen 

and other cellular products such as free fatty acids. The lipid peroxidation damages 

membranes ultimately leading to necrosis of hepatocytes (Boll et al., 2001); (Aterman, 

1962). I repeatedly administered CCl4 repeatedly to induce hepatocyte death. The 

constant injury induces liver damage, triggering repair pathways, culminating in liver 

fibrosis after 6 weeks of treatment (Henderson et al., 2006). 

Chapter 2 highlighted that AREG contributes to wound healing and functions by 

targeting the EGFR on tissue resident precursor cells known as pericytes, in turn 

differentiating them into myofibroblasts. We sought to explore the role of the two 

EGFR ligands AREG and HB-EGF in liver fibrosis. We expected the Areg-/- animals 

to show less fibrosis as compared to their WT counterparts, whereas Hbegf-/- animals 

to show exacerbated fibrosis. 

3.3 Methodology 

Extensive description of methods used in this chapter can be found in Chapter 6 of this 

thesis. In brief, for the experiments performed in this chapter, animals were injected 

intraperitoneally bi-weekly with doses of CCl4 for 6 to 8 weeks. At the end of 

treatment, animals were culled, and liver lobes were collected for histology and gene 

expression analysis. 

Mouse Model of Liver Fibrosis 

 

 

 

 

 

Bi-weekly doses of carbon tetrachloride 

Week 1 Week 6-8 
Harvest 

Week 5 Week 4 Week 3 Week 2 
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3.4 Results 

3.4.1 Expression of EGF-like growth factors in chronic 
inflammation 

To study the EGF like growth factors AREG and HB-EGF under inflammatory 

conditions, I injected WT animals with CCl4 for six weeks. As shown in chapter 2, 

Figure 2.2A and B as well as in previous publications (Zigmond et al., 2014), we 

observed inflammation of the liver which was accompanied by neutrophilia and a 

regression of macrophages of the liver (Zigmond et al., 2014). Haematoxylin and eosin 

sections from WT mice administered with CCl4 suggests an influx of cells mostly 

polymorphonuclear leukocytes around the central vein compared with a modest pool 

of circulating cells in the olive oil treated control mice (Figure 3.1A).  

Gene expression analysis from liver tissue at the end of six weeks demonstrates that, 

in contrast to the steady state during which no expression of Areg and Hbegf mRNA 

was detectable, both Areg (Figure 3.1B) and Hbegf (Figure 3.1C) (both of which were 

normalised to Rn18s) were strongly expressed following challenge with CCl4. Gapdh 

was used as a housekeeping gene to determine fold change. Glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) is a glycolytic enzyme and is used as a 

housekeeping gene (Barber et al., 2005). However, the role of Gapdh in cellular 

metabolism makes it an inappropriate control. Due to fluctuations in Gapdh during 

liver disease, I used Rn18s – a more stable housekeeping gene (Boujedidi et al., 2012). 

Areg and Hbegf did not show a difference when normalised with Rn18s or Gapdh. 

Gene expression of Areg and Hbegf had a p value= 0.1 by the Mann-Whitney test. 

Since this experiment was underpowered, the ideally 7 mice would be required to 

determine a trend in Areg expression as calculated using a power calculation (Desired 

power=0.80; level of significance=0.05; where p<0.05 is considered significant).  
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Figure 3-1 Areg and Hbegf are upregulated in chronic inflammation 

WT C57BL/6 mice were injected with bi-weekly doses of carbon tetrachloride for 6 weeks. (A) 

Representative images from Hematoxylin and eosin stained liver sections from olive oil vehicle 

and CCl4 treated mice at magnification x20. Scale bars indicate 50µm. The infiltrating cells stained 

by the hematoxylin been indicated by the black arrows. (B) and (C) Gene expression of Areg and 

Hbegf represented as fold change with respect to Gapdh. n=3. Bars represent mean ± SEM. * p 

<0.05, ** p <0.01,*** p <0.001 as determined by the Mann-Whitney test. Data representative of 

one experiment. 

3.4.2 Profibrotic gene expression in Areg deficient mice 

I aimed to corroborate, as shown in previous publications, that Areg-/- animals display 

diminished fibrosis (Perugorria et al., 2008). WT and Areg deficient mice were 

administered with CCl4 or olive oil vehicle bi-weekly for six weeks. Picrosirius Red 

(PSR) staining of WT and Areg-/- mice subjected to olive oil or CCl4 injections 

indicates the collagen deposition in pink pointed by arrows (Figure 3.2A). Stains such 

as Sirius red and picrosirius red are used to visualise and quantify collagen deposition 

as a percentage of the area stained with collagen normalised to the total tissue area 

(Lattouf et al., 2014). I quantified the collagen stained area from multiple sections from 

an animal from each group using ImageJ software and averaged it. The WT sample 

displayed approximately 6% staining as opposed to the Areg-/- section, which 

displayed 2% staining with collagen (Figure 3.2B). Due to the limited biological and 

technical replicates for this experiment, the quantification needs to be repeated in order 

to reach statistical significant results.  

The expression of alpha smooth muscle actin (Acta2), showed an elevation (p=0.2), 

greater than 2-fold, in the WT mice injected with CCl4 in comparison with WT mice 

injected with olive oil, indicating myofibroblast activation. The Acta2 gene expression 

was reduced approximately by half in the CCl4 injected Areg-/- mice compared to the 

WT mice (p=0.1) by the Mann-Whitney test. This indicated a diminished 

differentiation of myofibroblasts (Figure 3.2C). Gene expression of alpha chain of 

Collagen 1 (Col1a1) showed a slight reduction in the CCl4 injected Areg-/- mice which 

was not significant (p=0.1) (Figure 3.2D). Likewise, gene expression of alpha chain of 

Collagen 3 (Col3a1) resulted in p value of 0.2 in the CCl4 administered Areg-/- mice 



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Role of Amphiregulin and HB-EGF in chronic liver injury
  68 

(Figure 3.2E). An additional set of experiments with 8 mice per group as calculated by 

the power equation (Desired power=0.80; level of significance=0.05; where p<0.05 is 

considered significant) would be required to confirm if the Areg-/- mice show a 

reduction in profibrotic gene expression. Expression levels of profibrotic genes have 

been used as one of the readouts of fibrosis in WT and Pdgfrb:cre x Itgavfl/fl mice, the 

latter which show a reduction in gene expression by half and are protected from 

fibrosis (Henderson and Sheppard, 2013). My findings are in line with the previous 

work of (Perugorria et al., 2008) showing Areg gene-deficient mice are protected from 

carbon tetrachloride-induced liver injury.   
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Figure 3-2 Expression of profibrotic genes in Areg-/- mice 

WT C57BL/6 and Areg-/- mice were injected with bi-weekly doses of carbon tetrachloride for 6 

weeks. (A) Picrosirius red stained liver sections from olive oil vehicle and CCl4 treated mice at 

magnification x20. Scale bars indicate 50µm. Collagen in the WT mice has been indicated by black 

arrowheads. Representative sections from 2 independent experiments. (B) Quantification of PSR 

stained area represented as a percentage of total area in one section per group. (C-E) Gene 

expression of Acta2 (C), Col1a1 (D) and Col3a1 (E) represented as fold change with respect to 

Rn18s and p values for each are indicated. Each symbol represents a sample and the bars represent 

mean ± SEM. * p <0.05, ** p <0.01, *** p <0.001 as determined by the Mann-Whitney test. 

3.4.3 Role of HB-EGF in chronic liver injury 

Previous publications have shown that Hbegf gene-deficient mice develop more severe 

forms of fibrosis than WT mice (Takemura et al., 2013a); (Takemura et al., 2013b); 

(Huang et al., 2012). To validate this, I injected WT and Hbegf-/- mice with CCl4 bi-

weekly for 6 weeks to induce liver injury. Post-treatment, examination of livers by 

histology visually indicated collagen deposition in the CCl4 injected mice as seen in 

the picrosirius red stained sections (Figure 3.3A). A further quantification of the 

stained area from multiple liver sections stained from this group of mice would be 

necessary to state that there is increased collagen deposition.  

I used the approach of qPCR-based analysis of the expression of the extracellular 

matrix genes Acta2, Col1a1 and Col3a1. The expression levels of each of the genes 

only revealed an increased trend as indicated by the p values (Figure 3.3B-D). To show 

an increase in gene expression in the Hbegf-/- mice, the power calculation states to use 

45 mice which is not feasible (Desired power=0.80; level of significance=0.05; where 

p<0.05 is considered significant). However, in this case the induction of tissue repair 

genes was perhaps not successful even in the WT mice. Perhaps the administration of 

CCl4 repeatedly was tolerated better by the female mice as proposed in (Zhang et al., 

2012).  

To investigate the role of HB-EGF in liver injury, I additionally pursued an in vitro 

approach. In the preceding chapter, I demonstrated that rAREG induces the 

differentiation of primary pericytes from the liver and lung in a dose dependent 



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Role of Amphiregulin and HB-EGF in chronic liver injury
  71 

manner. Likewise, I isolated pericytes from the liver and treated them with rHB-EGF 

for 24 hours. I observed that HB-EGF reduced the differentiation of pericytes in a 

dose-dependent manner as indicated by the gene expression of Acta2 (Figure 3.3E). 

This indicates that HB-EGF attenuates the differentiation pericytes to myofibroblasts. 

 

Figure 3-3 Profibrotic gene expression in Hbegf deficient mice 

WT C57BL/6 and Hbegf-/- mice were injected with bi-weekly doses of CCl4 for 8 weeks. (A) 

Picrosirius red stained liver sections from olive oil vehicle and CCl4 treated mice at magnification 

x20. Scale bars indicate 50µm. Collagen stained areas have been depicted by arrows. 

Representative images from a single experiment. (B-D) Gene expression of Acta2 (B), Col1a1 (C) 
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and Col3a1 (D) represented as fold change with respect to Rn18s. Bars represent mean ± SEM. 

Symbols represent mice used in each group. Data shown from 1 experiment. (E) Primary pericytes 

were isolated from the liver and treated with rHB-EGF for 24 hours. Gene expression of Acta2 

represented as relative expression with respect to Rn18s.  Bars represent mean ± SEM. 

Representative data from two experiments. * p<0.05, ** p<0.01, *** p<0.001 as determined by 

Mann-Whitney test (B-D) and ANOVA (non-parametric test) for figure E.  

3.4.4 Hepatotoxicity measurement in Areg and Hbegf deficient 
mice 

Aspartate transaminase (AST) and Alanine transaminase (ALT) are enzymes released 

by dying hepatocytes into the blood. Serum levels of AST and ALT correlate with liver 

damage (Limdi and Hyde, 2003). Hence, we measured AST and ALT from WT, Areg-

/- and Hbegf-/- mice administered with CCl4 for 6 weeks. We observed that, at steady 

state, the levels of both enzymes were not elevated. The AST and ALT levels remained 

low even in mice injected with CCl4. (Figure 3.4A and B).  

These findings are in accordance to my findings in chapter 2, where I showed that AST 

and ALT levels in the blood are increased rapidly following CCl4 injection but are 

reduced to basal levels by day 3. Since I harvested the mice on day 3 post last CCl4 

injection, the low level of AST and ALT in the blood is not unexpected. 

 
 
Figure 3-4 AST and ALT of Areg and Hbegf deficient mice 
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WT C57BL/6, Areg-/- and Hbegf-/- mice were injected with bi-weekly doses of CCl4 for 6 weeks. 

Blood was collected, 3 days post the final injection and was processed to serum. (A) ALT and (B) 

AST levels measured from serum of the WT C57BL/6, Areg-/- and Hbegf-/- mice.  Bars represent 

mean ± SEM. Each mouse is represented by a symbol * p <0.05, ** p <0.01, *** p <0.001 as 

determined by one-way ANOVA between CCl4 treated groups. Data representative of 1 

experiment. 

3.4.5 Bone marrow transplants using WT, Areg-/- and Hbegf-/- 

mice show appropriate engraftment 

It has been widely observed that AREG is expressed by different types of leukocytes 

in different experimental injuries (Zaiss et al., 2015). We therefore wanted to 

determine the role of leukocyte-derived AREG in the context of the development of 

liver fibrosis. To this end, we established bone marrow chimeric mice as described in 

Chapter 6: Materials and Methods: section 3; and subjected them to eight weeks of 

CCl4 injections. 

At the end of the experiments, to verify the relative engraftment, we processed the 

spleens from all the mice and determined the frequency of CD45.1 WT donor cells in 

the CD45.2 recipient mice by FACS analysis. Figure 3-5A depicts a gating strategy 

for monocytes and macrophages from FACS staining. Figure 3-5B and C demonstrate 

that both monocyte and macrophage populations were CD45.1+ or CD45.2+ in line 

with the respective bone marrow donors.  
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Figure 3-5 Splenic cells from bone marrow chimeras  

Bone marrow from CD45.1 WT mice was transplanted into irradiated CD45.2 WT, CD45.2 Areg-

/- and CD45.2 Hbegf-/- recipients. Additionally, irradiated CD45.2 Areg-/- or CD45.2 Hbegf-/- 

knockouts were also reconstituted with CD45.2 Areg-/- or CD45.2 Hbegf-/-bone marrow 

respectively. (A) Gating strategy for splenic monocytes and macrophages. (B) Percentage of 

CD45.1 expression of splenic macrophages and monocytes from CD45.1 donors. (C) Percentage 

of CD45.2 expression of splenic macrophages and monocytes from CD45.2 donors. Each mouse 
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is indicated by a symbol. Bars represent mean ± SEM. * p<0.05, ** p<0.01, *** p<0.001 as 

determined by Mann-Whitney test. Representative of 1 experiment.  

3.4.6 Increased gene expression of collagen in the Areg-/- 
group of mice transplanted with donor bone marrow    

The groups of mice irradiated and used for transfer are stated in section 6.3. Briefly, 

CD45.2 WT and CD45.2 Areg-/- mice were lethally irradiated. Within 24 hours, the 

bone marrow from CD45.1 WT donor mice was transferred in them. CD45.2 Areg-/- 

bone marrow was used to reconstitute the CD45.2 Areg-/- irradiated recipients as a 

control. Due to limited numbers in this group, we couldn’t divide this Areg-/- group 

into olive oil control and CCl4 groups and only did the latter. Additionally, we 

unfortunately could not establish the combination of transferring Areg-/- donor bone 

marrow into irradiated WT CD45.2 recipient mice, since such a combination 

compromises Treg cell tolerance leading to dermatitis as shown by (Zaiss et al., 2013). 

Liver tissue analysis revealed no differences in the Acta2 gene expression probably 

because the olive oil controls also expressed high Acta2 (Fig 3-6A). The gene 

expression of collagen measured by Col1a1 and Col3a1 genes is represented as fold 

change normalized to Rn18s. WT mice injected with CCl4 showed an increase in 

expression with p= 0.0286 for both Col1a1 and Col3a1 genes. The Areg-/- recipient 

mice transplanted with WT bone marrow showed a slight increase in collagen 

expression (3.6 B, C). To state that WT leukocytes can rescue the Areg-/- phenotype of 

diminished collagen deposition (Perugorria et al., 2008), we would need additional 

repeat experiments using at least 6 mice as per the power calculation (Desired 

power=0.80; level of significance=0.05; where p<0.05 is considered significant).  
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Figure 3-6 Bone marrow chimeras using Areg-/- 

WT and Areg-/- irradiated recipient mice were reconstituted with bone marrow from WT and Areg-

/- mice as stated in the figure and were injected with bi-weekly doses of CCl4 for 8 weeks. (A-C) 

Gene expression of Acta2 (A), Col1a1 (B) and Col3a1 (C) represented as fold change with respect 

to Rn18s.  Bars represent mean ± SEM. All mice used have been denoted by symbols. * p<0.05, 

** p<0.01, *** p<0.001 as determined by one-way ANOVA. Data from one experiment.  

 

3.4.7 Expression of tissue repair genes in bone marrow 
transplanted Hbegf-/- group of mice  

0.0

0.5

1.0

1.5

2.0

2.5
Fo

ld
 C

ha
ng

e

Recipient
DonorWT WT Areg-/-

Areg-/-
WT WT

Areg-/- WT Areg-/- WT

Olive oil CCl4

B

C

A

0

2

4

6

Fo
ld

 C
ha

ng
e

Recipient

DonorWT WT Areg-/-

Areg-/-

WT WT
Areg-/- WT Areg-/- WT

Olive oil CCl4

ns

*

0

1

2

3

4

5

Fo
ld

 C
ha

ng
e

Recipient

DonorWT WT Areg-/-

Areg-/-

WT WT
Areg-/- WT Areg-/- WT

Olive oil CCl4
*
ns

Acta2 Col1a1

Col3a1



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Role of Amphiregulin and HB-EGF in chronic liver injury
  77 

The cellular sources of HB-EGF in remain largely unexplored. HB-EGF was originally 

discovered in macrophage cell lines (Higashiyama et al., 1991); (Yoshizumi et al., 

1992). To determine, whether leukocyte-derived HB-EGF contributes to tissue 

remodelling, following repeated CCl4 administration, we irradiated WT CD45.2 mice 

and Hbegf-/- CD45.2 mice to use them as recipients and transplanted bone marrow from 

CD45.1 WT mice donors. Likewise, we also transplanted bone marrow from CD45.2 

Hbegf-/- mice into irradiated CD45.2 Hbegf-/- mice as a control. After ensuring a period 

of restitution after bone marrow transplant, repeated CCl4 administration was used to 

induce chronic liver injury. 

Gene expression analysis of Acta2 showed a slight non-significant increase in 

expression only for the group transplanted with Hbegf-/- bone marrow in the irradiated 

Hbegf-/- mice (Figure 3.7A). The expression of Col1a1 and Col3a1 (Figure 3.7 B, C) 

showed a slight increase in expression for the group transferred with Hbegf-/- bone 

marrow. However, due to the variability in expression of this group and the lack of 

difference in the WT donors in recipient Hbegf-/- mice, it was difficult to conclude if 

WT donors can rescue the Hbegf-/- phenotype. As per the power calculation, 6 mice 

would be required to repeat this experiment and draw conclusions (Desired 

power=0.80; level of significance=0.05; where p<0.05 is considered significant). Due 

to small sample size and less tissue remodelling observed by gene expression, it would 

be essential to use additional readouts to draw definitive conclusions.  

   



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Role of Amphiregulin and HB-EGF in chronic liver injury
  78 

 
 
Figure 3-7 Profibrotic gene expression in bone marrow transplanted Hbegf-/- 

mice  

WT and Hbegf-/- irradiated recipient mice were reconstituted with bone marrow from either WT or 

Hbegf-/- mice. They were administered with bi-weekly doses of CCl4 for 8 weeks. (A-C) Gene 

expression of Acta2 (A), Col1a1 (B) and Col3a1 (C) represented as fold change with respect to 

Rn18s.  The mice in each group are shown by symbols; for the group of Hbegf-/- donors in Hbegf-/- 

recipients, n=3. Bars represent mean ± SEM. * p<0.05, ** p <0.01, *** p <0.001 as determined by 

one-way ANOVA. Data from one experiment. 
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To narrow down upon the physiologically relevant subtype of leukocytes that 

contribute to the tissue remodelling post-chronic injury, by secreting AREG, we 

utilized LysM:cre animals to target the myeloid cells such as monocytes, macrophages 

and neutrophils. LysM:cre excises with 83-98% efficiency in macrophages (Clausen 

et al., 1999) and about 50-70% deletion in neutrophils (Abram et al., 2014). By 

crossing LysM:cre with Aregfl/fl mice we targeted the AREG expressed by myeloid 

cells (Please refer to appendix supplemental figure 4). 

To study tissue response to chronic sterile injury in LysM:cre x Aregfl/fl mice, I. 

administered i.p. CCl4. After 6 weeks of biweekly CCl4 injections, I harvested livers 

from these mice and assessed them for the expression of tissue repair genes. A 

picrosirius red staining visually showed a comparable development of fibrosis in the 

LysM:cre x Aregfl/fl mice (Figure 3.8A) in comparison to littermate controls. Gene 

expression analysis remained inconclusive for Acta2, due to high expression 

variability in both the control group and the CCl4 administered WT group (figure 

3.8B). The Col1a1 and Col3a1 genes in LysM:cre x Aregfl/fl  mice were significantly 

upregulated in the CCl4 group from their olive oil controls. The CCl4 administered 

LysM:cre x Aregfl/fl mice showed a significantly higher Col1a1 gene expression with 

p=0.0317 in comparison to the WT CCl4 administered mice but the Col3a1 gene 

expression was not significantly altered with p=0.0635 (Figure 3.8 C, D). These data 

suggest that LysM:cre x Aregfl/fl  animals are capable of inducing expression of collagen 

upon chronic inflammation in the absence of AREG from myeloid cells.  
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Figure 3-8 Elevated collagen gene expression in LysM:cre x Aregfl/fl mice  

WT C57BL/6 and LysM:cre x Aregfl/fl mice were injected with bi-weekly doses of CCl4 for 6 weeks. 

(A) Picrosirius red stained liver sections from olive oil vehicle and CCl4 administered mice at 

magnification x20. Scale bars indicate 50µm. The collagen deposition in the CCl4 administered 

mice is pointed out using black arrows. (B-D) Gene expression of Acta2 (B), Col1a1 (C) and 

Col3a1 (D) represented as fold change with respect to Rn18s.  Each mouse has been indicated with 
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symbols. Bars represent mean ± SEM. * p<0.05, ** p<0.01, ***p<0.001 as determined by by the 

Mann-Whitney test. Data from one experiment. 

3.4.9 Pericyte specific Egfr knockouts show comparable 
collagen deposition upon chronic injury 

Organ fibrosis is attributed to the release of extracellular matrix factors from 

myofibroblasts (Wynn, 2004). Among the various sources of myofibroblasts, one of 

the mechanisms that has been largely associated with fibrotic disease is increase in 

myofibroblast differentiation from tissue resident pericytes. (Henderson and Sheppard, 

2013) showed that an essential step for the development of liver fibrosis following 

repeated CCl4 administration, is differentiation of myofibroblasts from pericytes by 

the integrin-αV release of bioactive TGF-β (Henderson and Sheppard, 2013). As I have 

demonstrated in Chapter 2 that AREG induces this release of bio-active TGF-β, we 

targeted pericytes using a Pdgfrb:cre transgenic mouse strain and crossed it with 

Egfrfl/fl mice generating a pericyte-specific Egfr knockout (Chapter 2).  

I induced liver damage in the Pdgfrb:cre x Egfrfl/fl animals using biweekly CCl4 

administration. After six weeks of exposure, examination of livers visually suggested 

a comparable extent of collagen accumulation as indicated by picrosirius red staining 

(Figure 3.9A). Upon quantification of the PSR stained area, the Pdgfrb:cre x Egfrfl/fl 

animals displayed a significantly higher collagen deposition in the CCl4 injected mice 

as opposed to the olive oil group (Figure 3.9B). Expression of Acta2 displayed a 

significant reduction in Pdgfrb:cre x Egfrfl/fl animals compared to WT control animals 

(Figure 3.9C) suggesting compromised myofibroblast differentiation. Nevertheless, 

Col1a1 (Figure 3.9D) and Col3a1 (Figure 3.9E) gene expression suggested a 

comparable extent of collagen deposition in Pdgfrb:cre x Egfrfl/fl animals as in WT 

animals exposed to CCl4. An experiment with higher number of mice, particularly 

Egfrfl/fl littermate controls instead of the WT may be essential to substantiate the 

profibrotic gene expression, in addition with other readouts. 

While not being fully conclusive, these data suggest that in contrast to wound healing 

during acute tissue damage, EGFR expression on pericytes may not be essential for 

the collagen accumulation following repeated exposure to CCl4. 
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Figure 3-9 Collagen accumulation in Pdgfrb-Cre x Egfrfl/fl mice  

WT C57BL/6 and Pdgfrb-Cre x Egfrfl/fl mice were injected bi-weekly with CCl4 for 6 weeks. (A) 

Picrosirius red stained liver sections from olive oil vehicle and CCl4 treated mice at magnification 

x20. Scale bars indicate 50µm. Arrows indicate collagen deposition in the CCl4 injected mice. (B) 

Percentage of picrosirius red stained area normalised to the total area of the section. (C-E) Gene 

expression of Acta2 (C), Col1a1 (D) and Col3a1 (E) represented as relative expression with respect 

to Rn18s.  Bars represent mean ± SEM. Each sample is denoted by a symbol. * p<0.05, ** p<0.01, 

***p<0.001 as determined by the Mann-Whitney test. Data from one experiment. 

3.5 Discussion 

In this chapter, I attempted to validate previous studies on Areg-/- and Hbegf-/- mice in 

the context of liver fibrosis (Huang et al., 2012); (Perugorria et al., 2008). I 

substantiated the findings of (Perugorria et al., 2008) who demonstrated that 

Amphiregulin correlates with Acta2 expression. I checked the effect of repetitive liver 

injury on Hbegf-/- mice but could only observe trends showing increased collagen gene 

expression. Previous work has demonstrated that HB-EGF is a limiting factor in 

mediating liver fibrosis (Takemura et al., 2013a); (Huang et al., 2012) In a model of 

bile duct ligation, the Hbegf-/- mice show a significant 3- 4-fold increase in Col1a1 and 

Col3a1 and a 2-fold non-significant increase in Acta2(Huang et al., 2012). 

As a readout, I measured the gene expression of Acta2, Col1a1 and Col3a1 genes. 

These studies can be extended to measurement and quantification of the collagen 

stained area. WT mice injected with CCl4 bi-weekly for 8 weeks have around 5% of 

collagen stained area and 7.5% of α-SMA stained areas (Henderson et al., 2006). The 

Areg-/- mice show a 70-90% reduction in the Sirius red stained area in comparison with 

the WT mice (Perugorria et al., 2008). This quantification supports the mRNA gene 

expression data, confirming increased collagen deposition in the liver. In contrast, the 

thioacetamide (TAA) model of experimental liver fibrosis shows a two-fold increase 

in the α-SMA stained area and a significant increase in the Sirius red stained area in 

the Hbegf-/- mice in comparison with the WT mice administered with TAA (Huang et 

al., 2012). Moreover, using another model of fibrosis i.e. bile duct ligation, the Sirius 

red stained area shows a 2% increase in Hbegf-/- mice in comparison to the WT in 
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which fibrosis was induced (Takemura et al., 2013a). The protein content of collagen 

can also be quantified using the hydroxyproline assay. Since hydroxyproline is a 

predominant amino acid in collagen structure, it’s levels can correlate with the 

collagen deposition and fibrosis (Gieseck et al., 2016); (Berres et al., 2010).   

 

In chapter 2, I demonstrated that AREG induces pericyte activation via conversion of 

latent TGF-β to its bioactive form. Huang et al. (Huang et al., 2012) demonstrated the 

opposing effect i.e. HB-EGF suppressed stellate cell activation and the expression of 

profibrotic genes in an in vitro. In this case however, hepatic stellate cells cultured 

over 3 days before treatment with rHB-EGF (Huang et al., 2012). This is in line with 

my finding showing HB-EGF blocks pericyte differentiation. Together the in vitro and 

in vivo findings suggest that AREG and HB-EGF act in an opposing mechanism to 

enhance or attenuate hepatic stellate cell activation thereby enabling them to enhance 

or suppress fibrosis respectively.  

I showed that levels of AST and ALT were not significantly affected in the Areg-/-, 

Hbegf-/- and WT mice after chronic liver injury when mice were harvested 3 days post 

the final injection. Various studies have demonstrated that levels of AST and ALT are 

increased to at least 5000 U/l in WT mice injected biweekly with CCl4 for 4 weeks and 

harvested one day after the final injection. This level gradually regressed to 50 U/l for 

ALT and 150 U/l for AST on day 3 post final CCl4 injection (Ramachandran et al., 

2012). The serum levels of AST and ALT in WT and Areg-/- mice are around 1000- 

3000 U/l one day post the final injection, with no significant difference in amongst 

them (Perugorria et al., 2008). Nevertheless, these data show that even a severe form 

of liver fibrosis in mice is not an extended form of acute liver damage as the latter 

could be detected by AST and ALT levels in the blood. Moreover, such a finding might 

also be informative for the situation in humans. Some human data shows conflicting 

reports of AST and ALT levels correlated to the extent of fibrosis. For instance, 

Guechot et al., show that AST/ALT ratio cannot be accurately correlated with liver 

fibrosis whereas Xie et al. 2017 showed the opposite (Guechot et al., 2013); (Xie et 

al., 2017). 
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AREG and HB-EGF are additionally quite intriguing because they are growth factors 

derived from immune cells. Thus, I investigated the cellular source of AREG and HB-

EGF in a model of chronic liver injury. We adopted the technique of lethal irradiation 

followed by bone marrow transplant from Areg-/-, Hbegf-/- and WT mice to determine 

the role of leukocyte-derived AREG and HB-EGF. We found that Areg-/- bone marrow 

donors displayed a trend towards attenuated collagen gene expression whereas Hbegf-

/- donors showed the opposite. These findings need to be validated by repeat 

experiments or by using the Vav:Cre driver to target hematopoietic cells expressing 

AREG or HB-EGF to show that leukocyte-derived AREG and HB-EGF contribute to 

the development of liver fibrosis. 

In the paper attached in the Appendix, we have demonstrated that macrophage-derived 

AREG promotes wound healing. We therefore were keen to investigate the role of 

macrophage-derived AREG in a scenario of wound repair post chronic injury. We used 

LysM:cre x Aregfl/fl in our model of repeated CCl4 exposure. However, these 

conditional knockout mice developed collagen deposition as indicated by the 

expression of profibrotic genes and histological examination. This contrasts with acute 

tissue damage and might indicate that myeloid cells are not an essential source of 

AREG during chronic exposure to CCl4. Such a finding is not unexpected, as during 

acute tissue damage macrophages are the predominant source of AREG (chapter 2). 

However, during chronic inflammatory conditions, other cell types, such as ILC2s also 

become substantial sources of AREG (Monticelli et al., 2015). Thus, the importance 

of macrophages as a source of AREG during chronic inflammation might be less 

important. 

To explore the target cell which mediates the action of AREG and HB-EGF during the 

development of liver fibrosis, we used Pdgfrb:cre x Egfrfl/fl mice. Pdgfrb:cre targets 

pericytes that comprise of HSCs in case of the liver. Upon subjecting these mice to 6 

weeks of bi-weekly injections, I observed that they showed tissue remodelling as 

measured by the collagen gene expression as well as the collagen stained area. 

Based on chapter 2, AREG contributes to myofibroblast activation by release of TGF-

β, subsequently leading to secretion of ECM including collagens leading to tissue 
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remodelling. We were expecting the Pdgfrb:cre x Egfrfl/fl mice to limit collagen 

accumulation since they do not respond to AREG to promote tissue remodelling. 

However, in this case, we observed the opposite effect but cannot rule out other 

possibilities such as: 

- TGF-β might be activated by another pathway independent of EGFR 

- the myofibroblasts may not be pericyte derived but transdifferentiate from an 

alternate source such as fibrocytes, mesenchymal cells and/or epithelial cells 

HB-EGF attenuates tissue remodelling and failure of HB-EGF to exhibit its function, 

can be attributed to the absence of Egfr on Pdgfrb:cre x Egfrfl/fl pericytes. Summing 

up, an alternative possibility as to why the Pdgfrb:cre x Egfrfl/fl mice showed 

comparable collagen accumulation is that HB-EGF was unable to counterbalance this 

process and block collagen deposition. Thus, we need a deeper understanding to unveil 

the complex interplay between AREG and HB-EGF to tackle response to long-term 

injury. 

To examine collagen deposition, I used ImageJ based macros to quantitate picrosirius 

red stained sections. However, the analysis worked well for Areg-/- and Pdgfrb:cre x 

Egfrfl/fl strained but not for the Hbegf-/-, the bone marrow chimeras and LysM:cre x 

Aregfl/fl strains. Due to the shortcomings of this method, I switched to the WEKA 

segmentation for necrosis quantification used in chapter 2.  

However, in various aspects, the performed work could be further improved. For 

instance, there were multiple technical challenges, which altered the course of my 

work. For one, some mouse strains, such as Pdgfrb:cre x Egfrfl/fl ,were extremely 

difficult to breed and limited the mouse numbers available for use. To this end we had 

to constantly mix the male and female breeders with different breeding partners to 

revive the strain.  

For the other, although the CCl4 model of chronic liver injury is well established, the 

mice began to show sickness symptoms especially after the fourth week of injections 

and had to be monitored for recovery.  The male mice engaged in fighting despite 
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being littermates and had to be culled earlier than the termination date due to fight 

wounds. Yet, the males were the preferred sex for the fibrosis experiments. Females 

on the other hand, seemed to be more resilient to fibrosis development upon repetitive 

CCl4 injections (Zhang et al., 2012). This sex bias is also observed in humans where 

men are more susceptible to chronic injury than females (Guy and Peters, 2013). Thus, 

we decided to use an alternative approach to address our underlying questions and 

therefore switched to a lung model, based on chronic ovalbumin exposure to study 

tissue remodelling where we used female mice. 

Furthermore, experimentally, this work could be advanced on various fronts. An 

additional set of readouts would be conclusive in establishing the occurrence of 

fibrosis of which tissue remodelling is an important step. Firstly, measuring protein 

expression of alpha-smooth muscle actin by staining sections or western blots in 

addition to the Acta2 mRNA would have corroborated our observation. Measurement 

of protein content of collagen could also be performed by the hydroxyproline assay. 

Processing the tissue samples for this assay followed by quantification of collagen 

from the tissue which correlates with fibrosis. A histological staining of α-SMA and 

its quantification would have been an alternative to study protein expression of α-SMA 

and its localisation. Additionally, the quantification of picrosirius red using a slide 

scanner to image the whole section followed by ImageJ software for fibrosis 

quantification would serve as an alternative to the collagen quantification.  

Taken together, this chapter validates and advances our knowledge on the influence of 

AREG and HB-EGF in chronic liver injury. My data indicates that unlike observed in 

acute liver injury, myeloid cell derived Areg may be dispensable for chronic liver 

injury. Thus, the cellular sources of AREG during such an injury may be critical to 

investigate to limit collagen deposition and development of fibrosis. Likewise, Egfr 

expression on pericytes also seems redundant for collagen deposition and tissue 

remodelling during chronic inflammation. However, this finding needs to be 

investigated further since different cells may differentiate into myofibroblasts under 

varied circumstances. Further advances in AREG and HB-EGF and their cellular 

responders will lead to novel insights in their contribution to chronic injury and the 

development of fibrosis.  
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Chapter 4: Amphiregulin contributes to tissue 
remodelling during chronic pulmonary 
inflammation 

4.1 Summary 

My data from the previous chapters suggests that the AREG contributes to 

myofibroblast differentiation following chronic liver injury. Due to certain 

complications in the experimental model of chronic liver damage, I switched to a 

model of chronic pulmonary inflammation to study tissue remodelling. To this end, 

we used the chronic ovalbumin exposure model of lung inflammation to study the role 

of AREG in tissue remodelling.  

I observed that despite comparable inflammation, Areg gene-deficient mice had a 

reduced lamina propria thickness as well as a diminished collagen gene expression 

reinforcing the role of AREG in tissue remodelling around the bronchioles.  

Furthermore, we utilised different strains of mice lacking Areg gene expression in all 

hematopoietic (Vav:cre x Aregfl/fl) as well as in specific hematopoietic lineages 

(LysM:cre x Aregfl/fl; CD11c:cre x Aregfl/fl; RORα:cre x Aregfl/fl) and a mouse strain 

that lacks the receptor of AREG, the EGFR, specifically in pericytes (Pdgfrb:cre x 

Egfrfl/fl).  

My preliminary data suggests that although the gene expression of the tissue 

remodelling genes was similar in the various cell specific knockout mouse strains, the 

lamina propria thickness had reduced in Vav:cre x Aregfl/fl and Pdgfrb:cre x Egfrfl/fl but 

not in the LysM:cre x Aregfl/fl and CD11c:cre x Aregfl/fl strains. This suggests that 

AREG derived from hematopoietic cells might be involved in the process of lung 

tissue remodelling during chronic lung inflammation. Furthermore, the reduced lamina 

propria thickness in the Pdgfrb:cre x Egfrfl/fl mice indicated that AREG mediated tissue 

remodelling by targeting the lung pericytes.       
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4.2 Introduction 

In the preceding chapter, I used CCl4 mediated chronic liver injury to study expression 

of genes required for tissue remodelling. However, I switched to a pulmonary allergen 

model to study tissue remodelling due to some practical challenges with the CCl4 

model elaborated in chapter 3. Previous work demonstrates that female mice could be 

more tolerant to CCl4 mediated liver injury (Zhang et al., 2012). This sex preference 

of male mice over females, limited the mouse numbers resulting in a low sample size 

for experimental use. Additionally, the use of male mice was challenging due to the 

incompatibility amongst littermates. In view of these difficulties I utilized a prolonged 

pulmonary challenge model to address the role of AREG in tissue remodelling.  

Tissue remodelling in the lung is observed in conditions such as pulmonary fibrosis 

occurring as a result of pathological processes associated with chronic lung injury. 

Fibrosis can occur due to myriad causes but is termed as Idiopathic Pulmonary fibrosis 

(IPF) if the aetiology is inexplicable (Martinez et al., 2017). The disease burden is 

immense as it affects around 3 million people worldwide. Moreover, IPF is more 

common in older people and the incidence is progressively increasing (Navaratnam et 

al., 2011).  

Tissue remodelling is observed in asthma. The recent figures quoted by Asthma UK 

state 5.4 million individuals in the UK are suffering from asthma. Asthma occurs due 

to diverse causes such as encounters with environmental allergens such as pollen, 

spores, mites and chemical substances such as asbestos and silica. Continuous 

exposure to allergens may progressively damage the airways during gas-exchange 

(Wolters et al., 2014). External infections by bacteria, viruses such as the rhinovirus 

and fungi- usually the Aspergillus species (Martinez and Vercelli, 2013) also inflict 

airway damage. Genome wide expression studies have additionally correlated the 

presence of certain loci with asthma related genes, in turn leading to increased 

susceptibility to the onset of asthma (Zhang et al., 2012). Progressively inflicted 

airway damage and inflammation leads to a gradual deposition of ECM and the 

replacement of lung interstitium with a rigid scar tissue. Asthma is characterised by 

goblet cell hyperplasia and increased mucous production, airway hypersensitivity, 
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increased production of allergen specific IgE and IgG1 as well as TH2 cytokines 

(Wilson and Wynn, 2009). Another key feature of asthma is the myofibroblast 

mediated deposition of ECM components around the basement membrane and 

thickening of the lamina propria surrounding the airways as well as sub-epithelial 

fibrosis. (Royce et al., 2012).  

Clinically, pulmonary fibrosis can be modelled using bleomycin which is a 

chemotherapeutic drug causing pulmonary damage (Moeller et al., 2008). Bleomycin 

lung injury leads to influx of neutrophils, macrophages and lymphocytes, increase in 

ECM producing myofibroblasts and dense extracellular matrix deposition especially 

around the interstitium and alveolar walls (Izbicki et al., 2002); (Vaccaro et al., 1985). 

This model has led to several advancements in pulmonary fibrosis in terms of fibrotic 

pathways, role of cytokines and chemokines as well as studying anti-fibrotic drugs 

(Wilson and Wynn, 2009). AREG has also been associated with pulmonary fibrosis 

and shown to be crucial in post injury repair. Analysis of human samples showed that 

EGFR is overexpressed in patients with IPF at the mRNA as well as protein level and 

is localised adjacent to the fibrotic niche (Tzouvelekis et al., 2013). Ding et al. have 

shown that AREG expressed by CD11c+ cells mediates lung fibrosis in a bleomycin 

model (Ding et al., 2016). Conversely, EGFR blockade via its inhibitor gefitinib 

prevents bleomycin induced pulmonary fibrosis (Ishii et al., 2006).  

Nonetheless, the bleomycin model system is extremely severe and in its rapid 

development of lung fibrosis, does not fully reflect the allergen mediated inflammation 

process seen in asthma patients. Therefore, I chose a model of an allergen, namely 

ovalbumin, to investigate the role of AREG in airway inflammation and remodelling. 

Some well-established models such as the chronic house dust mite challenge and 

ovalbumin sensitization typically mimic the features of human asthma such as airway 

hyperresponsiveness, eosinophilic inflammation, excessive mucus secretion by goblet 

cells and thickening of lamina propria (Kumar et al., 2002); (Nials and Uddin, 2008); 

(Temelkovski et al., 1998). These models of lung injury are relatively mild since the 

airway remodelling is less dense in comparison to the bleomycin model. Additionally, 

their extended period of exposure is physiologically more representative of the 

processes occurring in patients. 
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Studies performed using the ovalbumin model have demonstrated the involvement of 

different cytokines, pathways and pathological changes in the development and 

progress of asthma. The TH2 cytokine IL-13 is associated with epithelial hypertrophy, 

subepithelial fibrosis, goblet cell hyperplasia (Kumar et al., 2002) all of which are 

reduced in Il13-/-mice (Kumar et al., 2002) or upon antibody mediated IL-13 blockade 

(Yang et al., 2004). Furthermore, the co-blockade of IL-13 and IL-25 attenuates the 

consequences of asthma, namely airway hyperresponsiveness, mucous and ECM 

deposition and the airway smooth muscle cell number (Zhang et al., 2017) to a greater 

degree. Likewise, IL-10 from Breg cells also contributes to airway allergic disease 

(Taitano et al., 2018). Alarmins such as IL-33, IL-25 and TSLP are induced in asthma 

(Mitchell and O'Byrne, 2017). IL-33 antibody administration prior to ovalbumin 

challenge reduces eosinophilia, serum IgE and the TH2 cytokines IL-4, IL-5 and IL-13 

(Liu et al., 2009). Alveolar epithelial cell derived PPAR γ also reduces inflammation, 

tissue remodelling and mucin expression (Lakshmi et al., 2018). The ovalbumin model 

has also proved useful to study the effect of therapeutics such as budesonide and 

thromboxane A2 inhibitors in reducing inflammation (Shi et al., 1998); (McMillan and 

Lloyd, 2004). Taken together, this model has led to the advancement of several facets 

in allergic inflammation and asthma. 

 

4.3 Methodology 

In the following experiments I followed a protocol of chronic ovalbumin challenge as 

specified used previous in the lab closely on the lines of (Temelkovski et al., 1998). In 

brief, animals were injected intraperitoneally with 10 µg Ovalbumin prepared as a 

suspension in Alum. The injection was repeated after 2 weeks. Seven days thereafter, 

the animals were nebulised bi-weekly with 1% ovalbumin prepared in PBS for at least 

8 weeks. The lungs were collected to study the cell dynamics, gene expression and 

histological analysis. Different lobes of the lungs were kept consistent. 

Pulmonary Fibrosis Model 
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As a starting point, I used this model to study the collagen deposition and pulmonary 

fibrosis in different strains of mice which were either globally deficient for 

Amphiregulin or were cell specific knockouts of Amphiregulin. All the mice were 

challenged with Ovalbumin to induce airway inflammation and remodelling. 

In another set of experiments, represented in figure 4.4.1 and 4.4.2, I used the 

ovalbumin inhalation model as specified in (McMillan and Lloyd, 2004). After 2 i.p 

injections with ovalbumin in alum, I aerosolized the mice for 6 days and then thrice a 

week for 6 weeks to study tissue remodelling.  

 

 

 

 

4.4 Results 

4.4.1 Areg gene-deficient mice show comparable BAL cell 
infiltrates upon ovalbumin challenge 

To study the role of AREG in an ovalbumin induced airway inflammation using the 

ovalbumin model. I treated mice as proposed by (McMillan and Lloyd, 2004) for 5 

consecutive days and thereafter for 6 weeks post 2 i.p injections (methodology 2). 

Upon harvest, I processed the BAL from ovalbumin challenged WT as well as Areg 

gene deficient mice. The BAL cells were stained for different leukocyte markers and 

the strategy for gating is represented in Figure 4.1A. The percentages of cells stained 

from the BAL are represented in Figure 4.1B- G. The percentage of hematopoietic 

cells increased in both WT and Areg-/- mice indicates cellular infiltration upon 

ovalbumin challenge (Figure 4.1B). As a hallmark of airway inflammation and 
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allergies, I observed eosinophilia in both strains with eosinophil percentages from <1 

to about 10% in WT and up to 15 % in knockout strains (Figure 4.1C). The alveolar 

macrophages reduced from 80-90% in steady state to less than 25% (Figure 4.1D). The 

CD11chiSigF+ monocyte derived macrophages and the CD11chiSigF- dendritic cells 

increased from 2% in the unchallenged mice to up to 10% in the challenged ones 

(Figure 4.1E and F). Lastly, the CD4+ T cells also increased to more than 10% in the 

challenged mice. Although this experiment has been performed only once with the 

naïve and ovalbumin experienced mice, my data have shown no significant difference 

in cell numbers from a pilot experiment carried out using ovalbumin challenged WT 

and Areg gene-deficient mice. Since there were no significant differences between the 

ovalbumin exposed WT and Areg gene-deficient mice as determined by the 2-way 

ANOVA, these data indicate a comparable cellular infiltration in the BAL upon 

chronic exposure to ovalbumin in both strains.  
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Figure 4-1 Areg gene deficient mice show comparable BAL cell infiltration to 
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WT C57BL/6 and Areg-/- mice were challenged with ovalbumin for 5 consecutive days followed 

by 6 weeks of triweekly exposure. Animals were sacrificed 1 day after the last exposure and 

percentage of cells from the BAL are shown in (B-G). (A) Gating strategy (B) Hematopoietic cells. 

(C) Eosinophils (D) Alveolar macrophages (E) Monocyte-derived macrophages (F) CD4+ T cells 

(G) Dendritic Cells. Percentage calculated with respect to live cells. Symbols represent sample 

where circles indicate the naïve animals whereas the squares indicate the ovalbumin challenged 

animals. Bars represent mean ± SEM. * p<0.05, ** p <0.01, *** p <0.001 as determined by the 2-

way ANOVA. Representative results from 1 experiment. 

4.4.2 Areg gene deficient animals show comparable cellular 
infiltrates in the lung upon an ovalbumin challenge 

On similar lines, I isolated and stained cells from the lungs of WT and Areg gene-

deficient mice for examining the cellular repertoire upon ovalbumin exposure. The 

mice were challenged with ovalbumin as shown in the methodology (Schematic 2) in 

accordance with (McMillan and Lloyd, 2004).  

The gating strategy for different leukocytes in the lung is shown in Figure 4.2A.  

Ovalbumin resulted in an increase of hematopoietic cells in the lung from 3% in the 

unchallenged to 10% in the challenged mice from both WT as well as Areg-/- strains. 

This indicates cell infiltration into the lung upon an inflammatory challenge. A strong 

increase in eosinophils from a negligible percentage to 6-8% was observed in the 

ovalbumin exposed mice corroborating eosinophilia. Both CD11chiSigFhi alveolar 

macrophages and CD11bhiF4/80+ interstitial macrophages were reduced in the 

ovalbumin challenged mice. The CD4+ T cells increased significantly in the ovalbumin 

challenged WT mice but not Areg-/- mice. However, there was no difference amongst 

the treated groups. These data indicate that although the cellukar infiltrates changed 

between the ovalbumin exposed and unexposed mice, there was no significant 

difference in the WT and Areg-/- strains. 
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Figure 4-2 Areg gene deficient mice show comparable lung cell dynamics to WT 

mice 
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WT C57BL/6 and Areg-/- mice were challenged with ovalbumin for 5 consecutive days followed 

by 6 weeks of triweekly exposure. Animals were sacrificed 1 day after the last exposure and 

percentage of cells from the lung are shown in (B-G). (A) Gating strategy (B) Hematopoietic cells. 

(C) Eosinophils (D) Alveolar macrophages (E) Interstitial macrophages (F) CD4+ T cells (G) 

Dendritic Cells. Symbols represent sample where circles indicate the naïve animals whereas the 

squares indicate the ovalbumin challenged animals. Bars represent mean ± SEM. * p<0.05, ** p 

<0.01, *** p <0.001 as determined by the 2-way ANOVA. Representative results from 1 

experiment. 

4.4.3 AREG contributes to tissue remodelling upon ovalbumin 
challenge 

To investigate the role of AREG in tissue remodelling, I exposed the WT C57BL/6 

and Areg-/- mice to ovalbumin for 8 weeks post 2 i.p. ovalbumin injections as shown 

in schematic 1 of the methodology (Temelkovski et al., 1998). Histological analysis of 

lung sections stained with hematoxylin and eosin indicated cellular infiltration in the 

airways of both WT and the Areg gene-deficient mice (Figure 4.3A).  

I assessed the extent of collagen deposition in the WT and Areg gene-deficient mice, 

using Masson’s trichrome staining. The blue staining demonstrated collagen 

deposition around the bronchioles of WT mice but a negligible collagen deposition in 

the Areg gene-deficient mice (Figure 4.1B). A thickened lamina propria (LP) around 

the bronchioles is a feature of asthma (Royce et al., 2012). I quantified the LP thickness 

blindly from 2 bronchioles per section from each mouse and observed that the LP of 

the Areg-/- mice is significantly less thick than the WT mice (Figure 4.1C). I performed 

a gene expression analysis for genes associated with tissue repair and myofibroblast 

activation namely, α-SMA (Acta2), alpha chain of Collagen 1 (Col1a1) and alpha 

chain of Collagen 3 (Col3a1). The Areg-/- mice showed a significantly diminished 

expression of Col1a1 and Col3a1 genes indicating diminished collagen gene 

expression (Figure 4.3E and F). The Acta2 gene expression was not altered 

significantly indicating that the expansion of myofibroblasts may be comparable in 

these strains (Figure 4.3D).  
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These data suggest a possible role for AREG in the development of tissue remodelling 

during ovalbumin induced asthma.  
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Figure 4-3 Areg gene deficient mice undergo reduced tissue remodelling   

WT C57BL/6 and Areg-/- mice were challenged with ovalbumin for 8 weeks. (A) Haematoxylin 

and eosin (B) Masson’s trichrome stained lung sections from ovalbumin treated mice at 

magnification x20. Scale bars indicate 50µm. Black arrows indicate collagen deposition in the WT 

mice. (C) Lamina propria thickness measured from WT and Areg-/- mice. Average of 2 bronchioles 

per section. 1 section per mouse. (D-F) Gene expression of Acta2 (D), Col1a1 (E) and Col3a1 (F) 

represented as relative expression with respect to Rn18s.  Bars represent mean ± SEM. * p<0.05, 

** p<0.01, ***p<0.001 as determined by the Mann-Whitney Test (2-tailed). Representative results 

from 1 experiment. 

4.4.4 Pdgfrb:cre x Egfrfl/fl mice show a reduced lamina propria 
thickness upon ovalbumin challenge 

In the preceding results chapters, I demonstrated the role of pericytes in acute and 

chronic wound healing in the liver. To investigate whether AREG drives the expansion 

of myofibroblasts via pericytes differentiation, I employed the chronic ovalbumin 

challenge on Pdgfrb:cre x Egfrfl/fl and WT Egfrfl/fl littermate controls. I administered 

ovalbumin i.p followed by aerosolisation for 8 weeks as stated in schematic 1 of 

methodology. Lung sections from both strains of mice indicated cell infiltration 

surrounding the bronchioles as observed by H&E staining (Figure 4.4A). The 

Masson’s trichrome staining revealed collagen deposition in the Egfrfl/fl mice. (Figure 

4.4B). Lamina propria thickness in the Pdgfrb:cre x Egfrfl/fl was significantly reduced 

as compared to their WT littermate controls (4.4C). Gene expression of Acta2, Col1a1 

and Col3a1 showed no significant differences in measurement in both mouse strains 

(Figure 4.4D-F).  

These preliminary data suggest a possible lack of tissue remodelling in Pdgfrb:cre x 

Egfrfl/fl mice. However, due to the similar ECM gene expression levels, protein 

expression of collagen needs to be measured to determine a difference in collagen 

levels. 
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Figure 4-4 Pericyte specific expression of Egfr limits the thickness of lamina 

propria  

WT Egfrfl/fl and Pdgfrb:cre x Egfrfl/fl mice were challenged with ovalbumin for 8 weeks. (A) 

Haematoxylin and eosin (B) Masson’s trichrome stained lung sections from ovalbumin treated 

mice at magnification x20. Scale bars indicate 50µm. Arrows indicate collagen deposition. (C) 

Lamina propria thickness measured from WT Egfrfl/fl and Pdgfrb:cre x Egfrfl/fl mice. Average of 2 

bronchioles per section. 1 section per mouse. (D-F) Gene expression of Acta2 (D), Col1a1 (E) and 

Col3a1 (F) represented as relative expression with respect to Rn18s.  Bars represent mean ± SEM. 

* p<0.05, ** p<0.01, ***p<0.001 as determined by the Mann-Whitney Test (2-tailed). 

Representative results from 1 experiment. 

4.4.5 Absence of Areg in myeloid cells does not prevent tissue 
remodeling 

The lung harbours different types of myeloid cells namely neutrophils, alveolar and 

interstitial macrophages. I used two mouse strains with different Cre drivers, both 

targeting alveolar macrophages. LysM:cre targets macrophages, neutrophils and 

monocytes whereas CD11c:cre targets alveolar macrophages and dendritic cells 

(McCubbrey et al., 2017). In order to determine the role of alveolar macrophage-

derived AREG for the process of tissue remodelling during chronic lung inflammation, 

I sensitised and challenged LysM:cre x Aregfl/fl mice and CD11c:cre x Aregfl/fl and their 

WT Aregfl/fl littermates for 8 weeks with ovalbumin (Schematic 1 of methodology). 

Upon analysis of their lung tissues, I observed inflammatory cells in the airways of all 

three strains as demonstrated by H and E staining (Figure 4.5A). Furthermore, 

Masson’s trichrome stained sections illustrated collagen deposition surrounding the 

bronchi in LysM:cre x Aregfl/fl and CD11c:cre x Aregfl/fl mice as well as in Aregfl/fl 

control mice (Figure 4.5B). The lamina propria (LP) thickness was comparable in 

Aregfl/fl mice and CD11c:cre x Aregfl/fl mice but slightly higher in LysM:cre x Aregfl/fl 

mice (Figure 4.5C). I additionally measured the gene expression of α-SMA (Acta2), 

Col1a1 and Col3a1 by qPCR and found comparable levels of transcript expression for 

each of these three ECM factors in all the three stains of mice (Figure 4.5D-F).  
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Taken together, these preliminary data suggest that alveolar macrophage-derived 

AREG may not significantly contribute to lung tissue remodelling.  
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Figure 4-5 Myeloid cells may not be contributing to ECM gene expression 

Aregfl/fl, CD11c:cre x Aregfl/fl and LysM-Cre x Aregfl/fl mice were challenged with ovalbumin for 8 

weeks. (A) Haematoxylin and eosin (B) Masson’s trichrome stained lung sections from ovalbumin 

treated mice at magnification x20. Scale bars indicate 50µm. Arrows indicate the collagen 

deposition around bronchioles of Masson’s trichrome sections (C) Lamina propria thickness 

measured from Aregfl/fl, CD11c:cre x Aregfl/fl and LysM-Cre x Aregfl/fl mice. Average of 2 

bronchioles per section. 1 section per mouse. (D-F) Gene expression of Acta2 (D), Col1a1 (E) and 

Col3a1 (F) represented as relative expression with respect to Rn18s.  Bars represent mean ± SEM. 

* p<0.05, ** p<0.01, ***p<0.001 as determined by the Mann-Whitney Test (2-tailed). 

Representative results from 1 experiment. 

4.4.6 Mice with Areg deficiency in hematopoietic cells show 
comparable gene expression of reparative genes 

Several reports have suggested that hematopoietic cells are a major source of AREG 

during wound healing and fibrosis (Zaiss et al., 2015), (Morimoto et al., 2018); (Ding 

et al., 2016). To test this, we crossed Vav1:cre with Aregfl/fl mice. Upon sensitising 

these mice with ovalbumin and exposing them to ovalbumin subsequently (schematic 

1 of methodology), we observed a cell infiltration in both strains as demonstrated by 

the H and E staining (Figure 4.6A). Masson’s trichrome staining indicated collagen 

deposition around the bronchioles. However, the extent of collagen deposition still 

needs to be quantified to compare the extent of tissue remodelling (Figure 4.6B). The 

lamina propria thickness was reduced in the Vav1:cre: Aregfl/fl mice in comparison with 

their Aregfl/fl controls (Figure 4.6C). The qRT-PCR based analysis of gene expression 

of Acta2, Col1a1 and Col3a1 from whole lung lysates show similar gene expression 

levels in the Vav1:cre: Aregfl/fl mice alongside their Aregfl/fl controls.  (Figure 4.6D-F).  

These preliminary findings suggest that AREG derived from haematopoietic cells may 

not influence the gene expression. However, the reduction in the lamina propria 

thickness in the Vav1:cre: Aregfl/fl mice suggests a possible role of hematopoietic 

derived AREG. A more detailed analysis would be necessary to verify these results 

prior to coming to any conclusions about the extent to which haematopoietic cell-

derived AREG contributes to pulmonary airway structure. 



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Amphiregulin contributes to tissue remodelling during chronic pulmonary inflammation
  106 

   

C D

A

WT

Areg
ΔVav

0.00

0.02

0.04

0.06

A
ct

a2
/ R

n1
8s

p=0.9048

E F

Acta2

Col1a1 Col3a1

WT

Areg
ΔVav

0.0

0.5

1.0

1.5

2.0

2.5

C
ol

1a
1/

R
n1

8s

p=0.1905

Aregfl/fl AregΔVav

WT

Areg
ΔVav

0

5

10

15

LP
 th

ic
kn

es
s 

(µ
m

)

**

WT

Areg
ΔVav

0

1

2

3

C
ol

3a
1/

R
n1

8s

p=0.9143

H and E

Masson’s

B



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Amphiregulin contributes to tissue remodelling during chronic pulmonary inflammation
  107 

 
Figure 4-6 Hematopoietic cells are not the source of AREG in lung remodelling  

Aregfl/fl and Vav:Cre x Aregfl/fl mice were challenged with ovalbumin for 8 weeks. (A) haematoxylin 

and eosin (B) Masson’s trichrome stained lung sections from ovalbumin treated mice at 

magnification x20. Scale bars indicate 50µm. Arrows indicate the collagen deposition around 

bronchioles of Masson’s trichrome sections (C) Lamina propria thickness measured from Aregfl/fl 

and Vav:Cre x Aregfl/fl mice. Average of 2 bronchioles per section. 1 section per mouse. (D-F) Gene 

expression of Acta2 (D), Col1a1 (E) and Col3a1 (F) represented as relative expression with respect 

to Rn18s.  Bars represent mean ± SEM. * p<0.05, ** p<0.01, ***p<0.001 as determined by the 

Mann-Whitney Test (2-tailed). Representative results from 1 experiment for A-C and 2 

experiments for D-F. 

4.4.7 Mice lacking Areg expression in innate lymphoid cells 
(ILC) show comparable expression of tissue repair genes 

Recent studies have attributed ILC2s in the role of tissue repair and fibrosis. ILC2s 

produce TH2 cytokines such as IL-4, IL-5 and IL-13. Monticelli et al., have suggested 

that ILC2-derived AREG potentiates repair following flu infection and gut damage 

(Monticelli et al., 2015); (Monticelli et al., 2011). Due to these advances in the field 

we were intrigued with the possibility of determining the role of ILC2-derived AREG 

in ovalbumin induced airway inflammation. To this end, we collaborated with the lab 

of Prof. Bernhard Ryffel from CNRS, France to generate Rorα:cre x Aregfl/fl mice, 

which should have an ILC2-specific gene-deficiency for Areg. Formerly, Rorα:cre has 

been validated in the context of Rorα:cre x Gata3fl/fl mice where the Rorα:cre targeted 

ILC2s were reduced from about 60% in WT mice to less than 1% in the Rorα:cre x 

Gata3fl/fl mice (Omata et al., 2018) 

The Rorα:cre x Aregfl/fl and their WT Aregfl/fl littermates were sensitised and challenged 

with ovalbumin to induce persistent airway inflammation and tissue remodelling 

according to the chronic challenge protocol explained in schematic 2 as proposed by 

(McMillan and Lloyd, 2004). Post allergen challenge, inflammation was evident in 

both mouse strains as detected by H&E staining (Figure 4.7A). Representative sections 

from these mice stained for Masson’s trichrome indicate collagen deposition in Aregfl/fl 

as well as Rorα:cre x Aregfl/fl mice (Figure 4.7B). Likewise, gene expression of Acta2, 
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Col1a1 and Col3a1was comparable in the ovalbumin challenged Aregfl/fl and Rorα:cre 

x Aregfl/fl mice (Figure 4.5C-E).  

These preliminary data indicated that Areg expression by ILC2s does not influence the 

expression of tissue repair genes for the occurrence of lung tissue remodelling during 

chronic lung inflammation – although, yet again, a more profound analysis is required 

to substantiate this fact. 
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Figure 4-7 ILC2s derived AREG may not influence gene expression during 

chronic allergen challenge 

Aregfl/fl and Rorα:cre x Aregfl/fl were challenged with ovalbumin for 5 consecutive days and then 

triweekly for 6 weeks post 2 i.p. injections. (A) Haematoxylin and eosin (B) Masson’s trichrome 

stained lung sections from ovalbumin treated mice at magnification x20. Scale bars indicate 50µm. 

(C-E) Gene expression of Acta2 (C), Col1a1 (D) and Col3a1 (E) represented as relative expression 

with respect to Rn18s. Representative results from 1 experiment. 
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4.5 Discussion 

In this chapter, I utilized a well-established ovalbumin model of chronic lung 

inflammation to substantiate that Areg gene-deficient mice show attenuated lung tissue 

remodelling, a noted feature of pulmonary fibrosis (Royce et al., 2012). Our findings 

are in line with publications in the field showing that Areg gene deficiency mitigates 

pulmonary fibrosis (Zhou et al., 2012); (Ding et al., 2016); (Morimoto et al., 2018). 

Several reports have established the role of AREG such as its participation in mucus 

production (Zuo et al., 2017); (Wang et al., 2018) associating it with airway diseases 

such as asthma.  

Tissue remodelling is often correlated with type-2 cytokine expression, namely IL-4, 

IL-5, IL-13, as well as TGF-β (Wilson and Wynn, 2009). Also, an increase in the 

inflammatory cell numbers notably eosinophils is often observed (Temelkovski et al., 

1998). A similar study using an ovalbumin asthma model by (Kajiwara et al., 2010) 

shows that Areg gene deficiency is itself not essential for the initiation of ovalbumin 

induced airway inflammation. They also report no differences in eosinophils, 

macrophages, lymphocytes as well as neutrophils in the ovalbumin challenged WT 

and Areg gene-deficient mice. Additionally, the levels of ovalbumin specific IgE and 

IgG1 as well as type 2 cytokines such as IL-4 is not significantly altered in both- the 

WT and the Areg-/- challenged mice. However, my ovalbumin nebulisation protocol 

lasted for 6-8 weeks after immunisation as opposed to (Kajiwara et al., 2010) wherein 

ovalbumin was nebulised was restricted to 5 consecutive days after initial sensitization.  

In the set of experiments in this chapter, I studied the extent of tissue remodelling in 

the WT and Amphiregulin –deficient mice using the gene expression of Acta2, Col1a1 

and Col3a1 genes. The low Cp values around 21 to 23 obtained for Col1a1 and Col3a1 

genes in the qPCR indicated their high expression. In contrast, the housekeeping gene 

Rn18s had a Cp value around 19-20. This low difference in the Cp values between the 

gene of interest and the housekeeping gene resulted in low qPCR ratios. These ratios 

are comparable to the same genes used in (Morimoto et al., 2018) in a house dust mite 

model as well as ovalbumin model. The expression of Acta2 and Col1a1 genes is 
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significantly reduced in the Areg gene deficient animals challenged with house-dust 

mite (Morimoto et al., 2018). 

Furthermore, I utilised Pdgfrb:cre x Egfrfl/fl mice to target the AREG-EGFR axis on 

pericytes. In a bleomycin model, pericyte differentiation into myofibroblast has been 

established to be a critical step for lung fibrosis (Henderson et al., 2013) and our data, 

using a chronic inflammation model, suggest that the AREG-induced pericyte 

differentiation step might be of importance for inflammation-induced lung tissue 

remodelling. Although the gene expression of tissue remodelling genes did not 

significantly differ in these mice, the thickness of the LP was higher in the Egfrfl/fl mice 

in comparison to the Pdgfrb:cre x Egfrfl/fl mice. Given that we should be able to 

reconfirm this finding, it would demonstrate an involvement of EGFR signalling in 

pericytes for inflammation-induced tissue remodelling. A recent publication proposed 

a different mechanism of pulmonary fibrosissuggesting that TH2 cell derived AREG 

stimulates the eosinophils to produce osteopontin to mediate pulmonary fibrosis 

(Morimoto et al., 2018). 

My findings show a comparable expression of tissue remodelling genes in mice 

lacking AREG expression in hematopoietic cells, myeloid cells and ILC2s.  Since 

these are results from a single experiment, a repeat of the above gene expression 

analysis would be essential to confirm the contribution of AREG in tissue remodelling. 

My data shows a reduction in the lamina propria thickness in mice lacking Areg 

expression in hematopoietic cells but not in those lacking Areg expression in myeloid 

cells. This may suggest a possible role for the hematopoietic cell derived AREG in 

tissue remodelling but needs to be substantiated by repeat experiments and additional 

readouts. Additional parameters such as structural pathologies observed in asthma 

models include increase in thickness of basement membrane, lamina propria and 

collagen deposition (McMillan and Lloyd, 2004); (Halwani et al., 2010) would reveal 

structural changes in this model. Collagen deposition can be additionally quantified 

biochemically by the Sircol assay (McMillan and Lloyd, 2004). Upon attempting the 

Sircol assay in our cohort of WT and knockout mice, I could not observe any 

differences perhaps due to the small amount of accumulation of collagen in my 

samples being below the detection limit. The 2- 3 fold increase number of airway 
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smooth muscle cells as well as goblet cell hyperplasia around airways determined by 

the PAS staining and mucous secretion measured by gene expression of Muc5ac are 

notable parameters in airway remodelling (Kumar et al., 2002); (Lakshmi et al., 2018). 

Airway hyperresponsiveness is a classical feature of asthmatic vessels showing 

increased resistance to methacholine. We were limited by the specialised set-up 

required to perform this experiment (Temelkovski et al., 1998). These experiments 

would validate the asthma model and verify the contribution of AREG in ovalbumin 

challenge. 

AREG is expressed by different cellular sources in different experimental settings 

(Zaiss et al., 2015a). Furthermore, in published experimental settings, AREG has 

usually been expressed by hematopoietic sources in acute injury (Appendix), 

infections (Arpaia et al., 2015); (Monticelli et al., 2011) and tissue fibrosis (Morimoto 

et al., 2018); (Ding et al., 2016). While these data are still very preliminary and 

performed in a short time due to time constraints, it would be an attractive possibility 

to consider that pericyte-derived AREG in an autocrine fashion may induce the 

differentiation of pericytes into myofibroblasts. Pericytes from different tissues can 

express AREG (Zhou et al., 2012). In conclusion, the set of experiments presented in 

this chapter suggest a possible role of AREG in influencing the thickness of the 

airways upon chronic ovalbumin exposure.
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Chapter 5: Discussion  

5.1 Summary 

In my dissertation, I made substantial advances in two projects: 

(i) I highlighted a novel mechanism that governs the differentiation of tissue residential 

precursor cells, which could potentially contribute to the development of tissue 

fibrosis.  

(ii) I illustrated the role of AREG following acute as well as chronic injury.   

Regarding the first point, I discovered a previously unknown mechanism by which the 

binding of AREG to its receptor EGFR on tissue resident pericytes initiated a wound 

healing cascade. AREG acted by activating integrin-αv complexes on pericytes which 

converts latent TGF-β into its bioactive form. This induced the differentiation of 

pericytes to tissue matrix producing myofibroblasts ultimately leading to matrix 

secretion and wound closure. (Chapter 2) 

We used mouse strains with different cell type-specific gene-deletions of the 

Amphiregulin gene, in models of acute tissue injury. These studies showed that 

macrophage-derived AREG critically contributed to wound healing and the restoration 

of blood vessel integrity in the lung and liver following tissue damage, which was 

discussed in Chapter 2 and appendix. 

In Chapter 3, I showed that AREG and HB-EGF contribute to the process of collagen 

expression during chronic liver injury. However, I also observed that, in contrast to 

acute injury, myeloid cell-derived AREG (thus, for instance Kupffer cell derived 

AREG) may not be essential for this process. 

Finally, in Chapter 4, I used a model of ovalbumin sensitization followed by an 

extended intranasal ovalbumin challenge to investigate the role of AREG in the 

process of tissue remodelling in the lung. My data suggested that AREG contributes 

to the process of tissue remodelling and the lamina propria thickness by acting on the 

lung pericytes following chronic ovalbumin exposure. 
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These studies have advanced our knowledge on the previously under-appreciated 

aspects regarding the role of AREG in tissue repair in acute and chronic settings. 

5.2 Background and Approach 

Previous studies in the field have shown that AREG contributes to wound healing and 

organ fibrosis. In viral or bacterial infection, the administration of recombinant AREG 

contributes to restoration of lung function (Monticelli et al., 2011); (Arpaia et al., 

2015); (Jamieson et al., 2013). During cardiotoxin mediated muscle injury, AREG 

leads to muscle repair (Burzyn et al., 2013). AREG from TH2 cells promotes intestinal 

worm expulsion in Trichuris muris parasite infection (Zaiss et al., 2006). Ly6clo 

macrophage derived AREG also promotes hypertrophy during cardiac response to 

pressure overload (Fujiu et al., 2017). Collectively, AREG contributes to repair in 

various tissues during infections or toxin mediated injury and can be expressed by 

different types of cells.  

Additionally, AREG also contributes to liver and lung fibrosis by affecting tissue 

remodelling and collagen deposition. AREG plays a role in mediating liver fibrosis by 

increasing the expression of tissue repair genes Acta2, Col1a1 and Col3a1 as well as 

profibrogenic factors such as MMPs and TIMPs and collagen deposition (Perugorria 

et al., 2008). Additionally, AREG from bone marrow derived CD11c+ cells promotes 

bleomycin induced pulmonary fibrosis (Ding et al., 2016). Upon an allergen challenge 

such as the house dust mite, AREG targets eosinophils and contributes to pulmonary 

tissue remodelling and fibrosis (Morimoto et al., 2018). Given these effects of AREG 

on wound healing and fibrosis, we hypothesized that AREG mediates the gene 

expression of tissue repair genes in turn impacting collagen deposition, tissue 

remodelling and fibrosis. 

To this end, I used global Areg-/- mice as well as crossed mice carrying the Cre 

transgene, downstream of various cell specific promoters, with Aregfl/fl mice to 

investigate the cellular source of AREG in acute and chronic inflammatory scenarios. 

A recent review by Kindermann et al. (Kindermann et al., 2018) has proposed a similar 

approach where the authors state: ‘Future research studies using mice with cell type-
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specific AREG deficiency will possibly clarify to which extent AREG production by 

ILC2s contribute to tissue remodelling and fibrosis development in different organ 

systems.’ We have used this approach to investigate the role of AREG in tissue 

remodelling. This statement, however, comes with a limitation that there might be 

redundancy with more than one cell type being the source of AREG under the same 

conditions.  

5.3 Comparison of the various injury models 

5.3.1 Immune response in acute injury: Parasite versus toxin 

To investigate the role of AREG in wound healing and tissue remodelling, we 

employed Nippostrongylus brasiliensis, a model that resembles human hookworm 

parasite infections (Reece et al., 2006). Nippostrongylus induces vasculature damage 

and haemorrhage upon its migration through the lung (Chen et al., 2012). Previous 

reports have shown that chitinase like proteins Ym1 and Ym2 govern the initial influx 

of neutrophils and mount an IL-17 response upon Nippostrongylus infection to limit 

worm burden (Sutherland et al., 2014); (Reece et al., 2006). The immune response then 

shifts to repair the pulmonary damage by production of IL-4, to counter the IL-17 

response and induce the development of M2 macrophages. Nippostrongylus evokes a 

strong TH2 response and IL-4 producing M2 polarised macrophages accompanied with 

the upregulation of Arg1 genes (Reece et al., 2006). Arginase production by the M2 

macrophages inhibits the nitric oxide synthase activity of M1 macrophages (Munder 

et al., 1998) and is involved in wound healing (Campbell et al., 2013). The M2 

macrophages ultimately reduce the haemorrhage and potentiate repair (Chen et al., 

2012) during Nippostrongylus parasite infection.  

 

Our data support the role of macrophages in lung repair post Nippostrongylus infection 

(Appendix). We showed that macrophage-derived AREG contributes to structural and 

functional restoration by maintaining oxygen saturation, reducing haemorrhage and 

increasing the expression of tissue repair genes. However, it may be difficult to 

speculate if it is alternatively activated macrophages that express AREG upon 

Nippostrongylus infection, since ex vivo treatment of primary alveolar macrophages 
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with IL-4 did not alter Areg expression (Carlos Minutti and Rucha Modak, 

unpublished data). Furthermore, Nippostrongylus infection did not alter macrophage 

proliferation or induce M2 macrophage markers such as RELMα, indicating that M2 

macrophages may not necessarily potentiate wound repair in our experimental setting.  

We also wanted to investigate the role of T and B cells in Nippostrongylus induced 

damage. In a parasitic infection by intestinal parasite Heligmosomoides polygyrus, TH2 

cells strongly activate the M2 macrophages (Anthony et al., 2006).  Since T cells are 

also regarded as a source of AREG in lung injury (Arpaia et al., 2015), muscle injury 

(Burzyn et al., 2013) as well as aid worm expulsion in the intestine (Zaiss et al., 2006), 

we investigated the consequences of Nippostrongylus infection of Rag-/- mice to study 

a possible role of T and B cells. However, we did not observe any differences in 

pulmonary repair indicating that lymphocytes and the adaptive immune system may 

not contribute to tissue repair post-acute lung injury.  

In addition to the Nippostrongylus lung damage model, I utilized a model of CCl4 

mediated sterile liver injury to address the role of AREG. Upon acute liver injury, I 

observed a comparable necrosis and an influx of inflammatory cells upon CCl4 

administration in WT and Areg-/- strains. This was consistent with the lung data 

wherein we observed comparable lung damage and similar influx of inflammatory 

cells such as neutrophils, monocytes and macrophages, into the lungs of 

Nippostrongylus infected WT and Areg knockout mice.  

Interestingly, we observed a higher leakiness of blood vessels in both liver and lung 

of the Areg gene deficient animals in comparison to their respective WT. A 

compromised vascular repair appeared to be a prominent feature in the specific 

LysM:Cre x Aregfl/fl and Pdgfrb:cre x Egfrfl/fl mice suggesting a role of macrophage-

derived AREG and EGFR on pericytes. Conventional parameters of liver repair 

involve studying hepatocyte proliferation and necrosis (Otsuka et al., 2002) 

nevertheless we focussed on subtle differences related to the vascular integrity. 

Collectively, our data suggest that AREG contributes to maintain vascular integrity in 

lung and liver. 
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There were a few differences in the wound healing parameters we assessed in the liver 

and lung. The liver data suggests a comparable expression of tissue repair genes Acta2, 

Col1a1 and Col3a1, in contrast to the lung data which showed an attenuated expression 

of these genes during repair. This diminished expression of tissue repair genes- Col1a1 

and Mmp13 was also observed previously in the Nippostrongylus infection model 

(Chen et al., 2012). The differential outcome of gene expression may be attributed to 

the nature of healing response which is a characteristic of the organ and the type of 

damage. Thus, the propensity of repair following helminth-induced lung damage and 

toxin-induced liver damage seem quite diverse.  

5.3.2 Immune response in chronic injury: Toxin versus antigen  

Chronic CCl4 liver injury on the other hand leads to the development of fibrosis. The 

CCl4 induced liver injury over 4 weeks is accompanied by the elevation of 

proinflammatory cytokines and chemokines such as IL-1β, CCL2, CCL3 and CXCL12 

and an infiltration of Ly6clo macrophages that lead to liver remodelling and deposition 

of scar tissue (Ramachandran et al., 2012). Cytokines such as IL-4 and IL-13 promote 

hepatic fibrosis but the latter is regarded to be more dominant in the development of 

fibrosis. IL-13 stimulates the production of collagen from myofibroblasts and the 

expression of procollagen 1 and 3 genes (Chiaramonte et al., 1999). The development 

of fibrosis is correlated with myofibroblast activation, collagen deposition and 

elevation of matrix metalloproteinases (Wynn and Ramalingam, 2012); (Bataller and 

Brenner, 2005). Likewise, my data in chapter 3 revealed a trend towards myofibroblast 

activation and collagen gene expression in the mice administered with CCl4 for six 

weeks.  

As detailed in Chapter 4, I used the ovalbumin antigenic challenge model to study the 

arising inflammation and aspects of tissue remodelling. Ovalbumin elicits 

inflammation- particularly eosinophilia and neutrophilia (Sutherland et al., 2014). The 

cytokines IL-5 and eotaxin promote eosinophil recruitment during airway 

inflammation (Possa et al., 2013). The neutrophilia is attributed to the chitinase-like 

protein Ym1 in WT mice. However, Ym1 does not influence the eosinophilia or matrix 

remodelling (Sutherland et al., 2014). My ovalbumin exposed animals showed higher 
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percentages of eosinophils, monocytes and macrophages in the BAL and lungs of 

exposed mice in comparison to their respective naïve controls. Nevertheless, WT and 

Areg-/- mice showed similar percentages of infiltrating cells suggesting comparable 

inflammation.  

Chronic lung inflammation due to antigens such as ovalbumin and allergens such as 

house dust mite involves alarmins upstream of the immune inflammation and TH2 

cytokines downstream of it to promote tissue remodelling (Borthwick et al., 2013). 

The alarmin TSLP is essential for ovalbumin induced inflammation and promotes the 

proliferation and differentiation of T cells to TH2 cells and the upregulation of IL-4, 

IL-5, IL-13 and IgE (Al-Shami et al., 2005). Previous publications have shown that 

WT and Areg-/- mice aerosolized with ovalbumin attain similar levels of cytokines such 

as eotaxin and IL-4. Moreover, ovalbumin stimulates its antigen specific IgE and IgG1 

in the treated mice, yet to a similar extent in WT and Areg-/- exposed mice (Kajiwara 

et al., 2010). I would have to assess these immune parameters in my ovalbumin model 

to address the cytokine response.  

Recently, Morimoto et al. have addressed the role of AREG in allergen and antigen 

induced challenge. They proposed that house dust mite as well as ovalbumin induced 

airway inflammation act via IL-33 stimulation, inducing the secretion of AREG from 

ST2hi TH2 memory cells. These ST2hi TH2 memory cells in turn activate the production 

of osteopontin from eosinophils promoting lung fibrosis (Morimoto et al., 2018). 

Morimoto et al. additionally show reduced collagen deposition (also a measure of 

tissue remodelling) in the Areg-/- mice. My data from chapter 4 aligns with Morimoto 

et al. suggesting that Areg-/- mice show a reduced lamina propria diameter, also 

measure of tissue remodelling. My additional inferences suggested that Vav:cre x 

Aregfl/fl mice show a reduced lamina propria thickness indicating that AREG 

contributing to tissue remodelling may be leukocyte derived. A detailed histological 

examination supported by gene expression analysis of Acta2, Col1a1, Spp1 (encoding 

osteopontin) and Tnc (encoding Tenascin C) would determine the contribution of 

AREG to tissue remodelling in a chronic ovalbumin challenge model. 
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5.4 Tissue remodelling 

5.4.1 Chronic inflammation in liver and lung 

Matrix deposition is a characteristic of tissue remodelling and fibrosis and involves the 

production and accumulation of collagen 1 and other extracellular matrix factors in 

tissues (Wynn, 2008).  Several pathways of organ repair, tissue remodelling, and 

fibrosis are initiated by HSC activation (Greenhalgh et al., 2013). Using Pdgfrb:Cre 

mice, Henderson et al targeted tissue resident pericytes and elegantly showed that 

deleting the expression of integrin-αv  in pericytes suppresses liver and lung fibrosis 

(Henderson et al., 2013). Thus, I generated Pgdfrb:Cre x Egfrfl/fl mice to target Egfr 

on pericytes and challenged them with CCl4 to induce chronic liver injury. My data 

indicate comparable collagen expression but a reduced myofibroblast activation in the 

CCl4 administered livers of Pgdfrb:Cre x Egfrfl/fl mice in comparison to WT (Figure 

3-9). The lack of myofibroblast activation has also been observed in the CCl4 

administered Pdgfrb:cre x Itgavfl/fl (Henderson et al., 2013). Collectively, my data 

aligns with previous publications that have attributed PDGFRB+ HSCs contributing to 

myofibroblast activation and subsequently hepatic fibrosis in a model of Schistosoma 

mansoni (Gieseck et al., 2016) and CCl4 (Henderson et al., 2013).  

I used an extended ovalbumin challenge model to address the role of AREG- EGFR 

axis in lung remodelling. My data in chapter 4 indicates ovalbumin challenged 

Pgdfrb:Cre x Egfrfl/fl mice showed a similar extent of myofibroblast activation and 

collagen gene expression but a reduced bronchiolar lamina propria thickness in 

comparison to Egfrfl/fl mice (Figure 4-4). I would like to substantiate these data with 

further analysis to compare tissue remodelling in the lungs of ovalbumin exposed 

Pgdfrb:Cre x Egfrfl/fl and Egfrfl/fl mice. Previous findings have shown that lung 

pericytes contribute to bleomycin induced fibrosis (Henderson et al., 2013). Moreover, 

fibrocytes from the bone marrow are not an essential source of collagen in the 

bleomycin model (Kleaveland et al., 2015). However, we still cannot eliminate the 

possible contribution of other cells such as the tissue resident fibroblasts or portal 

fibroblasts, mesenchymal cells, epithelial and endothelial cells (Lee and Friedman, 

2011); (Iwaisako et al., 2012). Each of these cell types can potentially undergo trans-
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differentiation into myofibroblasts, secrete collagen upon activation and promote 

tissue remodelling and fibrosis.  

5.4.2 Tissue remodelling in various organs   

The characteristics of remodelling vary upon the type of injury, the duration i.e. acute 

or chronic, and the targeted organ(s). Tissue remodelling in organs can be subdivided 

into physiological or pathological remodelling. Physiological remodelling is a result 

of routine turnover of cells to maintain the structure and function of the organ. During 

minor acute injuries or inflammation, there is a transient immune response that leads 

to a complete tissue restoration. Pathological remodelling is a consequence of chronic 

injury or inflammation leading to irreversible alterations in the tissue structure and 

function (Fehrenbach et al., 2017). The tissue remodelling stage largely requires the 

ECM proteins, enzymes such as matrix metalloproteinases (MMPs), to tether the 

matrix deposition and tissue inhibitor of MMPs (TIMP) (Atala et al., 2010). These 

processes are dynamic yet tightly orchestrated. Myofibroblast proliferation during the 

tissue formation is followed by a contraction of their internal stress fibres, the 

surrounding matrix fibres which is a crucial step in increasing the density of the tissue 

(Tomasek et al., 2002).  

In chapter 2 and 3, I observed that CCl4 mediated liver injury affected areas around 

the vasculature that led to collagen staining surrounding the vessels. During 

remodelling in the liver following acute injury, ECM components such as laminin and 

collagen are interspersed among the proliferating hepatocytes to restore the three-

dimensional architecture of the liver (Cordero-Espinoza and Huch, 2018). The ECM 

remodelling is essential to elicit proliferation of hepatic progenitor cells upon injury 

(Kallis et al., 2011). Severe liver damage is observed in cases of HCV induced liver 

fibrosis. The stages of fibrosis development include an initial stage of portal fibrosis 

that is associated with the accumulation of collagen 1 and 3. The later stages have an 

increased stiffness and an increase in collagen 6, elastin fibres and LTBPs (latent TGF-

β binding proteins). This is where ECM spreads beyond the portal region, disrupting 

tissue architecture in a manner resistant even to the action of the MMPs (Baiocchini et 

al., 2016). Schistosoma mansoni infection leads to varied pattern of remodelling and 
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development of fibrosis. The fibrogenic response surrounds the parasite egg leading to 

granuloma formation and portal hypertension (Elbaz and Esmat, 2013). This is in line 

with my studies on chronic liver inflammation in Chapter 3, and several liver fibrosis 

studies which correlate fibrosis to the deposition of collagen 1 and 3 (Perugorria et al., 

2008); (Gieseck et al., 2016); (Takemura et al., 2013a).  

Remodelling in the lung is observed during infectious disease as well as chronic 

inflammation. Viral and bacterial lung infections undergo a transient inflammation 

phase followed by remodelling. Infection with PR8 leads to mucous cell metaplasia 

(MCM), thickening of the airway basement membrane and increase in proliferation of 

airway epithelial cells (Buchweitz et al., 2007). Likewise, even cytokines such as IL-

β trigger pulmonary inflammation followed by remodelling that encompasses collagen 

deposition, airway thickening, subepithelial fibrosis and MCM (Lappalainen et al., 

2005). These features are also observed in asthmatic airways and overlap with chronic 

obstructive pulmonary disease (COPD) (Saglani and Lloyd, 2015); (Hogg and Timens, 

2009). The ovalbumin induced inflammation model I used in chapter 4 was 

comparatively very mild and led to collagen deposition surrounding the airways and a 

thickened lamina propria. Bleomycin induced lung fibrosis is more potent where 

excessive collagen deposition is observed surrounding the airways that extends into 

the lung parenchyma.   

Other organs such as skin, heart, intestine and eyes also undergo remodelling. Dermal 

wounds trigger a re-epithelialization during the proliferative phase of tissue 

remodelling. The dermal fibroblasts deposit ECM in the granulation tissue consisting 

of myofibroblasts and angiogenic blood vessels. The wound then undergoes a 

contraction, healing normally, although failure to do so leads in a hypertrophic scar 

(Martin, 1997). Damage during corneal infection or surgery may lead to myofibroblast 

proliferation and fibrosis, leading to a haze in the vision. The ECM factors such as 

Type 1 collagen and fibronectin lead to thickening of the corneal epithelial basement 

membrane (Torricelli et al., 2016). The treatment for corneal fibrosis involves surgical 

removal of the basement membrane.  



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Discussion  122 

Cardiac fibrosis is a consequence of post-infarct remodelling and results in ventricular 

dysfunction, arrhythmias and changes in the shape and volume of the cardiac chamber 

due to excessive accumulation of collagens 1 and 3 (Azevedo et al., 2016). The most 

fascinating wound healing, however, takes place in the foetal stages and is scarless 

(Larson et al., 2010). It is supported by a higher amount of collagen 3 which is optimal 

for tissue repair, a lack of inflammatory cells and more MMPs modulating the tissue 

breakdown amongst other features. 

Collectively, the common factors unifying tissue remodelling and fibrotic mechanisms 

in different organs are myofibroblast activation and collagen deposition. Future 

research will determine the contribution of AREG in tissue remodelling for models of 

acute and chronic injury.   

5.5 Role of macrophages  

Our data in Chapter 2 and the appendix demonstrate a physiologically relevant role for 

tissue-resident macrophages in wound healing. Macrophages were a strong candidate 

in our experiments due to their versatile functions. Apart from microbial defence they 

are critical for wound healing and fibrosis (Wynn et al., 2013). The role of 

macrophages in liver injury is well studied. In an acute liver injury, the number of 

Kupffer Cells, the predominant macrophage population in the liver at steady state, 

reduces immediately. In such a scenario Ly6chi monocytes infiltrate from the 

bloodstream into the liver in a CCR-2 dependent manner. These immigrating 

monocytes secrete restorative factors (Zigmond et al., 2014); (Karlmark et al., 2009). 

In contrast, in a sterile injury model using thermal inflammation, peritoneal 

macrophages induce liver repair (Wang and Kubes, 2016).  

However, ablation of macrophages during different stages of fibrosis has distinct 

outcomes. Macrophage depletion during the late phase of chronic challenge with CCl4 

is beneficial and attenuates fibrosis (Duffield et al., 2005) whereas, preventing 

monocyte infiltration during the earlier stages reduces HSC activation (Karlmark et 

al., 2009). However, this is detrimental and compromises liver repair (Karlmark et al., 

2009); (Duffield et al., 2005); (Zigmond et al., 2014); (Gieseck et al., 2016). 
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Macrophages promote lung and liver fibrosis via IL-13, in a Schistosoma mansoni 

infection (Borthwick et al., 2016); (Gieseck et al., 2016).  

Due to a well-established role of macrophages in liver injury and fibrosis, I 

investigated the role of macrophages in my experimental model of chronic 

inflammation. My data from the CCl4 administered LysM:Cre x Aregfl/fl mice showed 

a higher evan’s blue extravasation displaying a delayed restoration of barrier integrity 

(Figure 2-10). This suggests a role of macrophage-derived AREG in tissue repair. With 

this in view, I proceeded to investigate the role of macrophage derived AREG in a 

model of chronic injury and inflammation in the lung and liver. In both the models 

quite contrasting to each other in terms of inflammation and tissue remodelling, I found 

that myeloid cell-derived AREG may be dispensable to the development of tissue 

remodelling.  

5.6 Role of ILC2s  

Another source of AREG during the development of tissue remodelling upon chronic 

injury could be the type 2 innate lymphoid cells (ILC2s). A growing body of evidence 

suggests that cytokines such as IL-25, IL-33 and TSLP stimulate ILC2s to produce 

type-2 cytokines such as IL-5 and IL-13, as well as AREG (McKenzie et al., 2014), 

and thereby may contribute to asthma, allergies and airway hypersensitivity as well as 

tissue fibrosis (Hams et al., 2014). IL-33 drives hepatic fibrosis in the CCl4, TAA and 

Schistosoma mansoni models via expansion of IL-13 producing ILC2s (McHedlidze 

et al., 2013). Furthermore, ILC2-derived AREG may promote lung epithelial integrity 

in an influenza infection (Monticelli et al., 2011). This led me to hypothesize that 

ILC2-derived AREG could possibly drive lung tissue remodelling. To this end, we 

generated the RORα:cre x Aregfl/fl mice, that would target AREG expression in ILC2s. 

Future work would involve detailed histological examination of tissue remodelling 

parameters elaborated in chapter 4, from RORα:cre x Aregfl/fl mice to determine if 

ILC2-derived AREG contributes to remodelling during chronic lung inflammation. 
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5.7 Mechanism 

In chapter 2 and the appendix of my thesis, I illustrated a novel mechanism by which 

AREG binds to the EGFR on pericytes and invokes wound healing. Using in vitro 

systems as well as in vivo knockouts in two wound healing models we asserted that 

AREG acts via the EGFR axis on pericytes and revealed a new aspect in the 

downstream signalling. My results showed that AREG ultimately leads to 

differentiation of primary pericytes of the liver (HSCs) and lungs. AREG is known to 

activate cells, such as the NIH3T3, a fibroblast cell line (Zhou et al., 2012) and mouse 

and human HSCs (Perugorria et al., 2008). I showed that primary pericytes indeed 

differentiated into myofibroblasts upon the addition of recombinant AREG in a dose 

dependent way. This finding is in line with earlier work in the field that correlates 

rAREG addition to elevated expression of profibrotic factors such as TIMP-1 and 

CTGF in primary as well as pro-fibrotic genes such as Acta2 and Col1a1 in the field 

(Perugorria et al., 2008); (Zhou et al., 2012).  

We revealed that an AREG-induced signal leads to the activation of integrin αv 

complexes on the target cell. The activated integrin αv complex is binds to the LAP of 

TGF-β1 (Munger et al., 1999). Our data show that rAREG ultimately converts latent 

TGF-β into its bioactive form via the integrin αv complexes. This activated form of 

TGF-β mediates the differentiation of PDGFR-β expressing pericytes into 

myofibroblasts, which secrete collagenous matrix resulting in wound closure and 

protection of barriers. Our data aligns with a prominent finding that TGF-β regulates 

the expression of α-SMA and Collagen 1 in myofibroblasts (Desmouliere et al., 1993). 

Taken together, our work shows that AREG, released upon tissue damage, influences 

wound repair and restoration of tissue homeostasis. 
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Figure 5-1 Wound repair mechanism 

Upon tissue injury, macrophage derived AREG binds to the EGFR on pericytes. This mediates the 

release of bio-active TGF-β allowing the differentiation of pericytes into myofibroblasts which 

produce ECM and lead to tissue repair.  

This mechanism also reveals how the immune system could locally activate TGF-β. 

TGF-β is quite versatile in action. It is not only important for countering inflammation 

(Shull et al., 1992); (Kulkarni et al., 1993), but is also involved in wound repair and in 

the development of tissue fibrosis (Gressner et al., 2002); (Verrecchia and Mauviel, 

2002). Furthermore, it is an important factor driving the development of cancer 

(Lebrun, 2012). Thus, TGF-β plays an enigmatic role within the immune system. For 

one, TGF-β is required for efficient function of the immune system, but conversely 

immune cells also regulate TGF-β. TGF-β influences the development and 

differentiation of various cells such as TH-17 or iTreg, and, as recently shown, even 

alveolar macrophages (Travis and Sheppard, 2014); (Yu et al., 2017).  

Due to its pleiotropic nature, TGF-β activity is tightly regulated. TGF-β is expressed 

and stored within tissues in a latent form, it must be processed prior to being bio-active 

(Arjaans et al., 2012). Our data supports earlier seminal findings that associated an 
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integrin dependent conversion of latent TGF-β to its bioactive form with the 

development of fibrosis (Conroy et al., 2016); (Henderson et al., 2013) as well as to 

regulatory T-cell mediated immune suppression (Travis and Sheppard, 2014). We add 

a new parameter- AREG and now clearly demonstrate that AREG governs the local 

release of bioactive TGF-β. Thus, these data reveal an interesting cascade of how 

immune cells can mediate TGF-β activation, i.e. via AREG expression (Figure 5.2).  

 

 

 

 

 

 

Figure 5-2 Mechanism of bioactive TGF-β release  

AREG binding to EGFR leads to phosphorylation of tyrosine-992 on the receptor. This leads to an 

inside-out activation of the integrin-αv complexes, converting latent TGF-β to its bio-active form. 

The bio-active TGF-β binds to its receptor to mediate the differentiation of pericytes to 

myofibroblasts.  

It is tempting to speculate that the mechanism revealed here might also be governing 

TGF-β activation in other situations, for instance during local immune suppression. 

AREG is essential for regulatory T cell function in different models of immune 

suppression (Zaiss et al., 2013). On similar lines, regulatory T-cell function is also 

dependent on integrin-αv expression on regulatory T-cells (Travis and Sheppard, 

2014). Thus, it would be exciting to see whether future research can reveal that AREG 

indeed induces integrin-αv activation on regulatory T-cells. 

αvβ  
EGFR  

AREG  

Y-992  “inside-out” 
activation  

latent 
TGF-β  

bio-active 
TGF-β  

TGFβ-R  
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5.8 Future Perspectives  

In conclusion, this project was based on the finding that AREG contributes to wound 

healing and restoration of tissue integrity.  Our work added new insights to the role of 

AREG, by employing acute lung and liver injury models. We showed that AREG 

contributes to wound healing, improves lung function following acute injury and 

upregulates the expression of tissue repair genes. I discovered that AREG functions by 

acting on the pericytes and differentiating them into myofibroblasts via activating the 

integrin-αv and TGF-β. Our Pgdfrb:Cre x Egfrfl/fl mice also showed compromised 

structural and functional recovery and could only be rescued by delivery of rTGF-β. 

Collectively, our data suggest that AREG leads to wound healing by acting on the 

pericytes. 

I extended this concept to chronic inflammation and showed that Areg-deficient mice 

show a diminished collagen expression in the liver and lung. My preliminary data 

suggest that myeloid cell derived AREG may not contribute to myofibroblast 

activation and collagen gene expression upon CCl4 induced chronic liver injury. The 

Pgdfrb:Cre x Egfrfl/fl mice showed a diminished myofibroblast activation and collagen 

deposition in chronic liver injury. Likewise, ovalbumin induced lung inflammation 

showed a reduced lamina propria thickness in the Areg-/- and Pgdfrb:Cre x Egfrfl/fl mice 

indicating that both AREG and Egfr expression on pericytes contribute to tissue 

remodelling. Based on these data, I propose that there is a threshold point. While 

AREG is essential in the wound healing phase, sustained AREG expression may lead 

to excessive ECM deposition, tissue remodelling and subsequently fibrosis. Thus, 

further research is warranted into the physiologically relevant sources of AREG under 

different inflammatory conditions and tissue remodelling and the development of 

fibrosis. Thus AREG could potentially be an attractive target for fibrotic therapies. 
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Chapter 6: Materials and Methods 

6.1 Mice 

Wild type CD45.1 and congenic CD45.2 mice on the C57BL/6 background were bred 

and maintained at the University of Edinburgh under specific-pathogen free (SPF) 

conditions. Genetically modified mouse strains such as Areg-/- (Luetteke et al., 1999); 

(Zaiss et al., 2006), Aregflox/flox(Aregtm2a(EUCOMM)Hmgu obtained from The European 

Conditional Mouse Mutagenesis Program), Aregflox/flox x LysM-cre+/− (Clausen et al., 

1999), Egfrflox/flox (Natarajan et al., 2007), Itgavflox/flox (Foo et al., 2006); (Henderson et 

al., 2013), Egfrflox/flox/Itgavflox/flox x Pdgfrb-cre+/− (Foo et al., 2006); (Henderson et al., 

2013) on the CD45.2 background, were also bred and maintained in SPF conditions in 

individually ventilated cages. Sex and age matched mice (aged 6-10 weeks at the start 

of experiments) were used, with the exception of male mice as the preferred sex for 

wound healing experiments in the liver model. Experiments were carried out in 

accordance with the United Kingdom Animals (Scientific Procedures) Act of 1986. 

The University of Edinburgh Animal Welfare and Ethical Review Body accredited 

researchers for performing regulated procedures and reviewed experiments as per the 

Home Office requirements.  

6.2 Common Media and buffers 

1) Cell Culture Medium: Iscove’s Modified Dulbecco’s Medium (IMDM, Sigma, 

UK) with 1% L-glutamine (Gibco), 1% Penicillin-Streptomycin (Gibco) and 

10% Fetal Calf Serum (FCS, Gibco) 

2) Flow cytometry (FACS) buffer: Phosphate buffered saline (PBS, Sigma) with 

2% FCS 

6.3 Bone Marrow Transplant 

WT CD45.2, Areg-/- and Hbegf-/- mice were exposed to lethal levels (10 Gy) of gamma-

irradiation. For preparation of the donor bone marrow, female WT CD45.2, Areg-/- or 

Hbegf-/- mice were sacrificed using CO2 asphyxiation. The femurs and tibiae were 

dissected and flushed with media. The crude preparation containing bone marrow cells 
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was passed through a 70 µm strainer. The cells were centrifuged at 500 g for 5 minutes 

at at 4 °C. The pellet yielded was treated with Red Blood Cell (RBC) lysis buffer 

(Sigma) for 5 minutes and after a final centrifugation step, the cells were resuspended, 

counted and injected intravenously in a total volume of 200µl within 24 hours of 

irradiation of the recipient mouse. Each recipient mouse received 2- 4 x106 donor bone 

marrow cells which were then allowed to reconstitute in the recipients for 8 weeks 

before the experimental procedure was initiated. 

Recipient mice included CD45.2 WT which were lethally irradiated before 

transplanting them with bone marrow cells from CD45.1 WT donor mice. CD45.2 

Areg-/- irradiated mice were reconstituted with bone marrow from WT CD45.1 or Areg-

/- CD45.2 mice. Likewise, CD45.2 Hbegf-/- irradiated mice were reconstituted with 

bone marrow from WT CD45.1 or Hbegf-/- CD45.2 mice. After ensuring a period of 

restitution following bone marrow transplant, we subjected these mice to eight weeks 

of CCl4 injections.  

6.4 Liver pericyte isolation 

Pericyte isolation from mouse livers was carried out as described in (Iredale et al., 

1998). Briefly, livers from 4 mice were harvested in cold Hanks’ Balanced Salt 

Solution (HBSS, Sigma) following perfusion via the hepatic portal vein. The perfused 

livers were minced, and enzyme digested with 1% Pronase, 0.1% collagenase B and 

0.025% DNase 1 (Roche) at 37 °C for 20 minutes and subsequently filtered through a 

70 µm cell strainer (Falcon). The suspension was centrifuged at 600g for 7 minutes at 

4 °C. As depicted in Figure 2-1, a gradient was prepared using 60% Optiprep (Alere) 

with HBSS in the lower phase and 39.86% Optiprep in the middle phase homogenized 

with the cell pellet and HBSS. The top was layered with 0.5 ml HBSS followed by 

centrifugation at 1400g for 20 minutes at 4°Cwithout break. The interphase between 

the top and middle layers was collected and washed by centrifugation at 600g for 7 

minutes. Finally, the pellet was treated with RBC lysis buffer (Sigma) and washed by 

centrifuging at 600g for 7 minutes at 4 °C. Cells were isolated and plated in tissue 

culture treated 12 well plates (Falcon) in pericyte medium i.e. high glucose Dulbecco’s 

Modified Eagle Medium (Gibco) with 20% FCS, 1% L-Glutamine (Gibco), 1% 
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Penicillin-Streptomycin (Gibco) and allowed to settle overnight at 37°C, in humidified 

atmosphere at 5% CO2. The cells were then washed thoroughly with PBS and then 

treated as indicated. 

 

Figure 6-1 Optiprep gradient setting 

The washed pellet was loaded on an optiprep gradient with the 60% Optiprep in the lower phase, 

39.86% Optiprep in the middle phase homogenized with the cell pellet and HBSS in the top phase. 

6.4.1 Pericyte culture conditions and treatment 

Pericytes were cultured in Dulbecco’s Modified Eagle Medium (DMEM) containing 

glucose, pyruvate and L-glutamine (Gibco), supplemented with 1% Penicillin-

Streptomycin, 5x10-5 M 2-mercaptoethanol (Sigma) and 15% FCS (Gibco) at 37°C in 

a humidified atmosphere at 5% CO2. Isolated pericytes were incubated in the presence 

of recombinant mouse 50-100 ng/mL Amphiregulin (BioLegend) or 0.5 ng/mL TGF-

β1 (R&D Systems). To test the mechanism of pericyte differentiation, specific 

pathway inhibitors were used at the following concentrations: Integrin αv inhibitor 

CWHM-12 (2 µM) and TGF-βRII inhibitor Alk5i (1 µM). The specific reagents have 

been summarised in Table 6-1.  CWHM-96, the inactive enantiomer of CWHM-12, 

was used as negative control. Under these conditions, cell viability was greater than 

92%. At the end of experiment cells were stored in TRIzol (Invitrogen) for RNA 

extraction and supernatants frozen for subsequent analyses. 

Table 6-1 Enzymes and recombinant proteins 
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Reagent Company Catalogue number 

Collagenase B Roche 11088815001 

Collagenase D Roche 11088866001 

Pronase (Protease from Streptomyces griseus) Sigma P5147 

DNase 1 Roche 10104159001 

Recombinant mouse Amphiregulin BioLegend 554104 

TGF- β1 BioLegend 763104 

Alk5i inhibitor SB431542 Abcam ab120163 

 

6.5 Measurement of bioactive TGF-β 

Bioactive TGF-β produced by liver pericytes was quantified using Transgenic Mink 

Lung Epithelial cells (TMLCs). TMLCs express luciferase downstream of the PAI-1 

promoter activated by TGF-β, and thus its expression corresponds to that of TGF-β 

(Abe et al., 1994). The assay was carried out as described in (Wipff et al., 2007). In 

brief, TMLCs were plated at a density of 25,000 cells/ well in a 96 well tissue culture 

plate (Costar) and allowed to adhere. After 3 hours, the TMLCs their supernatant was 

replaced with either 100µl of TGF-β standards (20- 2000pg/ml), prepared in cell 

culture medium containing 2% FCS or the pericyte supernatant from inhibitor treated 

wells. Activation of total TGF-β was achieved by heating for 15 minutes at 80°C. After 

20 hours of incubation, the TMLCs were washed twice with PBS and lysed using a 

Firefly Lysis Buffer (Biotium). The lysate was read for luciferase activity using the 

assay buffer (Table 6-2) to which 750 µM ATP (Abcam) and 800 µM D-luciferin 

sodium salt (Cayman Chemicals) were freshly added before reading on the Varioscan 
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Flash (Thermo Scientific). Data was represented as a percentage of the total TGF-β in 

the respective sample.  

Table 6-2 Luciferase Assay Buffer reagents 

Reagent Final concentration 

Tricine 20mM (pH7.8) 

Mg(CO)3Mg(OH)25H2O 1.07 mM 

MgSO4 2.67 mM 

EDTA 100 µM 

DTT 33.3 mM 

 

6.6 Murine Models of Wound Healing and Fibrosis 

6.6.1 Acute Liver injury 

Liver injury was induced by injecting 0.5µL/g body weight Carbon tetrachloride 

(CCl4) (Sigma-Aldrich) intraperitoneally in a 1:1 ratio with olive oil (Sigma) or olive 

oil alone for a control group, using glass syringes (Hamilton). The liver was harvested 

at specific time points post injection. For the analysis of different parameters, the liver 

was first perfused in situ by injecting ice cold PBS (Sigma) through the hepatic portal 

vein and gently cutting the inferior vena cava to release the build-up of blood pressure. 

Various lobes of the liver were collected separately for cell isolation, qRT-PCR and 

histology. The lobes used for different readouts were always consistent across all 

experiments. 

6.6.2 Chronic Liver injury 
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Liver fibrosis was induced by injecting CCl4 in a 1:3 suspension of olive oil 

intraperitoneally, with each animal receiving 0.25µl CCl4 per gram of body weight. 

An equal volume of olive oil was injected in the vehicle control group. After 6 to 8 

weeks of bi-weekly injections, mice were sacrificed by a Schedule1 method. The liver 

was collected, and different lobes of the liver were used for histological analysis, qRT-

PCR, protein assays and FACS. 

6.6.3 Chronic Lung inflammation 

Lung fibrosis was induced as stated in (McMillan and Lloyd, 2004). Mice were 

sensitized by intraperitoneal administration of 10 µg chicken egg white albumin grade 

V (Sigma) in 100 µl of Alum (Imject alum, Thermo Scientific) on day 0 and day 14. 

Day 20 onwards, mice were subjected to daily nebulisation with 1% ovalbumin in PBS 

for 20 minutes for 5 days, following which the aerosolization was continued thrice a 

week for 8 weeks. Mice were culled by anaesthetic overdose and death confirmed by 

exsanguination of the inferior vena cava. Bronchoalveolar Lavage (BAL) and lung 

lobes were harvested for analyses of RNA, histology and protein. 

6.7 Evans Blue assay 

Evans Blue leakage assays were performed as described below. Mice were injected 

via the tail vein with Evans blue dye (Fluka) (100 mg/kg) three days after CCl4-induced 

liver injury. Three hours after Evans blue injection, the livers were perfused, dissected, 

and immersed in formamide (1 ml/g tissue) at 55°C. After 24 hours incubation, 

formamide including eluted blue dye was collected. The absorbance was measured at 

650 nm using the Multiscan Ascent Plate Reader (Labsystems) from the formamide 

samples of the liver, lungs as well as the BAL fluid. 

6.8 Bronchoalveolar lavage 

Bronchoalveolar lavage (BAL) was performed by cannulation and lavage of the 

airways of the mice thrice with 0.5 mL of 0.25% Bovine Serum Albumin in PBS. The 

BAL fluid obtained was centrifuged at 700 g for 5 minutes at 4°C. The cell 

supernatants were used for ELISA and the pellet used for FACS staining. 
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6.9 Histology 

Lung and liver lobes were fixed with 10% neutral buffered formalin, incubated 

overnight and transferred to 70% ethanol. Organs were paraffin-embedded, sectioned 

and stained with haematoxylin and eosin (H&E), Picrosirius red, Masson’s Trichrome 

or PAS as indicated. Livers were graded based on the characteristics indicated in Table 

6-3 and Table 6-4: 

Table 6-3 Necrosis grading features 

Necrosis score  Features 

0 no pathological change 

1 degenerated hepatocytes with only rare foci of necrosis 

2 small area of mild centrilobular necrosis around the central vein 

3 areas of mild centrilobular necrosis severer than grade 2 

4 centrilobular necrosis severer than grade 3 

 

Table 6-4 Inflammation grading features 

Inflammation 
score  

Features 

0 none 

1 
isolated inflammatory cells, >10% central vein profiles, no 
pathological change 

2 
diffuse individual and aggregates of pericentral inflammatory 
cells 

3 3 confluent pericentral inflammation, <50% circumference 

4 confluent pericentral inflammation, >50% circumference 
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The degree of organ injury and inflammation was assessed by the sum of scores of the 

parameters, and the average sum of each was compared between groups. 

6.9.1 Measurement of PAS pale necrosis 

The PAS stained slides were scanned using the Hamamatsu Nanozoomer at x20. They 

were processed into image tiles by Dr. Tim Kendall using the Nanozoomer analysis 

software. The normal and necrotic areas were defined and quantified using the 

trainable WEKA segmentation in FIJI, ImageJ software. An entire section per sample 

was used quantify the normal and necrotic areas from 3 mice per group. The necrotic 

area was expressed as a percentage of the total section area of the sample.  

6.9.2 Quantification of Picrosirius red staining   

The picrosirius red stained slides were imaged on the Zeiss Discovery microscope 

using the Axioplan 2 imaging system at magnification x5. The images were analysed 

using the macros written by Dr. Tim Kendall in ImageJ. Fibrosis was quantified using 

the percentage of the collagen stained area to the total area of the section. An average 

of three sections were used per sample.  

6.9.3 Quantification of Bronchiolar Lamina Propria (LP)  

A minimum of two bronchioles per slide were imaged at x20 from masson’s trichrome 

stained slides. The digital micrographs were opened in ImageJ software and initially a 

scale was defined in µm. Perpendicular lines were drawn across the bronchiolar LP to 

measure thickness. An average of 10 measurements per bronchiole for at least 2 

bronchioles per section were taken for every sample. LP thickness was expressed as 

an average of 2 bronchioles per sample, in µm.   

6.10 RNA extraction and quantitative real-time PCR 

Tissues were homogenised in TRIzol using TissueLyser (Qiagen). For RNA 

extraction, 200 µL chloroform was added to the samples for every 1 ml of TRIzol, 

followed by vortexing and centrifugation at 13000 g for 20 minutes at 4°C.  The clear 
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top phase was transferred to a fresh tube containing 500 µL of ice cold isopropanol, 

mixed and centrifuged at 13000 g for 15 minutes at 4°C. Finally, the supernatant was 

aspirated, and the RNA pellet was washed twice using ice cold 70% ethanol. The pellet 

was air-dried and subsequently resuspended in RNase free water for quantification and 

cDNA synthesis.  

Reverse transcription was performed using 1 µg of total RNA in a reaction containing 

200 U of M-MLV reverse transcriptase, 10 µM dNTPs, 0.5 µg Oligo(dT)15 and RNasin 

inhibitor (Promega). Transcript levels of genes of interest were measured by real-time 

quantitative PCR with the Lightcycler 480 II system (Roche) using Taqman Master 

mix and specific taqman probes from (Applied Biosystems) (Table 6.5) Analysis was 

carried out using 2nd derivative maximum algorithm (LightCycler 480 Sw 1.5, Roche) 

and the expression of the gene of interest was normalised to the housekeeping gene 

Rn18s. 

Table 6-5 qPCR probes 

Gene Reference/Sequence  

Acta2 Mm00725412_s1  

Col1a1 Mm00801666_g1  

Col3a1 Mm01254476_m1  

Areg Mm00437583_m1  

Hbegf Mm00439306_m1 

Rn18s Mm03928990_g1  

Gapdh Mm99999915_g1  
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6.11 DNA Extraction and PCR 

DNA was extracted from cells or ear snips using Proteinase K (Qiagen) in a lysis buffer 

comprised of 100 mM tris (pH 8.0), 5mM EDTA, 0.2% SDS, 200mM NaCl. Post 

digestion for at least two hours, the sample was mixed with ice-cold isopropanol and 

centrifuged at 13,000 g for 15 minutes at room temperature. It was subjected to two 

ethanol washes following which the DNA pellet was air-dried dissolved in water for 

PCR.  

A standard PCR protocol was used for most of the mouse strains that were obtained 

by breeding in house. The primers and annealing temperatures are given below in 

Table 6-6. 

Table 6-6 Primers and Annealing Temperatures 

Target  Primer Sequence  

Annealing 

Temperature 

Aregflox/flox Areg 5-arm CCAGCTTTCTCCACCTCAAG 56°C 

 AregCrit TGGACCTCGCATGACATAGA  

 5 mut-R1 GAACTTCGGAATAGGAACTTCG  

LysM-Cre 66 (cre) CCC AGA AAT GCC AGA TTA CG 56°C 

 
67 

(common) CTT GGG CTG CCA GAA TTT CTC  

 68 (WT) TTA CAG TCG GCC AGG CTG AC  

Endogenous 

CD11c 

Forward GACAACTTCCCTCCTGGTCTCTG 63°C 

 Reverse CATCCAAGTTGAAGCCAAGACA

A 
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CD11c-Cre 

transgene 

Forward GACAACTTCCCTCCTGGTCTCTG 63°C 

 Reverse CCCAGAAATGCCAGATTACG  

Egfrflox/flox EGFR 

Fwd1  

AAG TTT AAG AAA CCC CGC 

TCT ACT 

54°C 

 EGFR R4 

Fwd 

GCC TGT GTC CGG GTC TCG TCG  

 EGFR R6 

Rev 

CAA CCA GTG CAC CTA GCC 

TGG C 

 

Egfr del FRT4 CTA TGC CTA AGA GGC GGA 

ATA 

55°C 

 Con1 CAT TCC ACA GCT TCA AGT ACT 

CAT TC  

 

Pdgfrb-Cre Forward TGC CAC GAC CAA GTG ACA 

GCA 

53°C 

 Reverse AGA GAC GGA AAT CCA TCG 

CTC 

 

 

6.12 Flow Cytometry 

Single cell suspension from lung and liver:  

Mouse lungs were perfused through the left ventricle using cold Hanks’ Balanced Salt 

Solution (HBSS, Sigma) whereas livers were perfused in situ via the hepatic portal 

vein, and the inferior vena cava was cut to release the pressure build up. The respective 

lobes of the lungs or liver were excised, minced with scissors and further digested 

using 0.03% Collagenase D, 0.038% Collagenase B and 0.025% DNase 1(Roche) in 
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HBSS at 37°C for 20 minutes. The digest was filtered through a 70 µM cell strainer. 

The cell suspension was washed by centrifuging at 300g for 5 minutes at 4 °C. The 

pellet was treated with red blood cell (RBC) lysis buffer (Sigma) and washed. The 

final pellet was resuspended in an appropriate volume of FACS buffer (PBS with 2% 

FCS) before staining the cell suspension using the appropriate flow cytometry panel.  

Cells were counted using a CASY cell counter (model TT). Cells were incubated with 

Live/Dead Fixable Aqua Dead Cell Stain Kit (Thermo Fischer Scientific) for 10 

minutes following which they were blocked with Fc block anti-CD16/32 (BD 

Biosciences) and 10 % mouse serum for 20 minutes. Cells were stained with 

fluorophore conjugated antibodies against different cell surface antigens and the 

antibody panels used for different experiments are stated in tables 6-7 and 6-8. 

Different antibodies and the manufacturers are detailed in table 6-9. Following surface 

staining, cells were fixed with 2% paraformaldehyde in Dulbecco’s phosphate 

buffered saline for 20 minutes at room temperature. Samples were analysed by flow 

cytometry using Becton-Dickinson FACS LSR II and FlowJo software. 

Table 6-7 Bone marrow transplant panel (Chapter 3) 

Fluorochrome  Antibody 

PE CD45.2 

PE-Cy7 F4/80 

BV711 CD11b 

Alexa fluor 700 Ly6c 

APC CD45.1 

 

Table 6-8 Lung staining panel (Chapter 4) 
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Fluorochrome  Antibody 

BV421 CD3 

BV605 CD11c 

BV711 CD11b 

FITC CD4 

PE Siglec F 

PE-Cy7 F4/80 

Per-CP CD45.2 

700 Ly6c 

780 Ly6g 

 

Table 6-9 Antibody list 

Antibody Brand Catalogue No. 

Rat anti mouse CD3 (clone 17A2)  Biolegend 100228 

Rat anti mouse SiglecF (clone E50-2440)  BD PharMingen 552126 

Rat anti mouse Ly6G (clone 1A8)  Biolegend 127624 

Rat anti mouse Ly6C (clone HK1.4)  Biolegend 128024 

Armenian Hamster anti mouse CD11c 

(clone N418)  Biolegend 117334 

Rat anti CD11b (clone M1/70)  Biolegend 101241 
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Rat anti mouse CD4 (clone GK1.5)  eBioscience 11-0041-82 

Rat anti mouse F4/80 (clone BM8)  eBioscience 25-4801-82 

Mouse anti mouse CD45.2 (clone 104)  eBioscience 12-0454-81 

Mouse anti mouse CD45.2 (clone 104)  Biolegend 109826 

 

6.13 Statistical Analysis 

Statistical evaluation of different groups was performed by the two-tailed Mann-

Whitney test. I did not use the Student’s t-test since our sample sizes were small. The 

Student’s t-test is a parametric test and limited by strict normal distribution of the 

sample. To circumvent the above aspects, I used the Mann-Whitney test.  

For more than two groups, I used the analysis of variance (ANOVA) followed by the 

Tukey multiple comparison test as mentioned in the legend of the figures. For both 

these tests, an α level of 0.05 was considered significant.  

All statistical calculations were performed using PRISM 7 (Graphpad).  

NOTE: To determine the ideal number of mice to be used in experiments in chapter 3, 

I used the power calculation specified by Prof. Rollin Brant, University of British 

Columbia (https://www.stat.ubc.ca/~rollin/stats/ssize/n2.html). In this case, the 

desired power was set to 0.80; level of significance to 0.05; where p<0.05 is considered 

significant.  
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Abstract 

The Epidermal Growth Factor Receptor ligand Amphiregulin has a well-documented 

role in the restoration of tissue homeostasis following injury; however, the mechanism 

by which Amphiregulin contributes to wound repair remains unknown. Here we show 

that Amphiregulin functions by releasing bio-active TGF-β from latent complexes via 

integrin-αv activation. Using acute injury models in two different tissues, we found 

that by inducing TGF-β activation on mesenchymal stromal cells (aka pericytes), 

Amphiregulin induced their differentiation into myo-fibroblasts, thereby selectively 

contributing to the restoration of vascular barrier function within injured tissue. 

Furthermore, we identified macrophages as a critical source of Amphiregulin, 

revealing a direct effector mechanism by which these cells contribute to tissue 

restoration following acute injury. Combined, these observations expose a so far 

under-appreciated mechanism of how cells of the immune system selectively control 

the differentiation of tissue progenitor cells during tissue repair and inflammation. 

Introduction 

Maintenance of tissue integrity is a critical process in the development and survival of 

an organism. Disruption of tissue homeostasis, through infections or injury, induces a 

local immune response that facilitates a tissue repair process that in many respects 

resembles the process of organ development. During this process of wound repair, 

cells of the immune system support cell proliferation and differentiation in a well-

orchestrated manner ensuring successful tissue regeneration and wound closure 

(Aurora and Olson, 2014; Martin and Leibovich, 2005; Mescher and Neff, 2005). 

Accordingly, the immune system has adapted evolutionary conserved signaling 

pathways, such as Transforming Growth Factor beta (TGF-β) or the Epidermal Growth 

Factor (EGFR), that play critical roles during both physiological processes: in tissue 

development and wound repair. However, the exact role of these pathways, the cellular 

triggers and their interactions during tissue regeneration remain incomplete 

understood. This is in part due to the fact that both pathways have exceptionally 

pleiotropic functions and different ligands, whose activity is strongly influenced by 
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factors such as the nature of ligand binding to the receptor (Freed et al., 2017), the state 

of local inflammation and state of the receiving cell (Massague, 2000). 

In particular, the EGFR ligand Amphiregulin, expressed under inflammatory 

conditions by several types of leukocytes, has emerged as a critical player in immunity, 

inflammation and tissue repair (Berasain and Avila, 2014; Zaiss et al., 2015). In 

numerous experimental settings, the delivery of recombinant Amphiregulin (rAREG) 

enhanced the process of tissue repair following injury (Arpaia et al., 2015; Burzyn et 

al., 2013; Jamieson et al., 2013; Monticelli et al., 2011). Nevertheless, the underlying 

mechanism that underpins the contribution of Amphiregulin to tissue repair, and how 

it interacts with other known mediators of this process to facilitate wound healing 

remains largely unexplored. 

We therefore sought to determine the mechanism by which Amphiregulin contributes 

to the restoration of tissue homeostasis following acute tissue injury. Thereby, we 

uncover an unexpected mechanism by which EGFR mediated signaling regulates local 

TGF-β activity. We found that Amphiregulin expression induced the integrin-αv 

mediated conversion of latent TGF-β into its bio-active form and, in turn, promoted 

the differentiation of tissue progenitor cells. Following acute tissue injury, this 

mechanism enabled tissue resident macrophage derived Amphiregulin to induce TGF-

β activation and the differentiation of pericytes into collagen producing 

myofibroblasts, thereby causing rapid tissue re-vascularization and wound healing. 

Results 
 
Amphiregulin contributes to the restoration of blood vessel integrity and lung 

function. 

To determine the physiological relevance of endogenously expressed Amphiregulin 

during acute wound healing, we utilized a model of acute lung injury caused by 

infection with the nematode Nippostrongylus brasiliensis (Chen et al., 2012; Minutti 

et al., 2017b; Sutherland et al., 2014). Following inoculation, N. brasiliensis larvae 

migrate through the lungs, causing significant damage to the epithelium and 
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vasculature, which leads to loss of lung function and a drop in blood oxygen saturation 

(Nieves et al., 2016). Unexpectedly, following N.brasiliensis infection, Areg-/- and 

C57BL/6 wt mice showed a similar extent of lung damage (Figure 1A) and loss of lung 

function (Figure 1B). Also, the influx of leukocytes into the lungs was similar in 

composition and number (Figure S1A) and the migration of Nippostrongylus larvae 

through the lungs into the intestine were not affected by Amphiregulin deficiency 

(Figure S1B). However, in the recovery phase, Areg-/- mice presented a significantly 

delayed restoration of lung function in comparison to wt mice (Fig. 1B). This delay in 

recovery was associated with a diminished restoration of blood vessel integrity – as 

measured by the number of red blood cells and the extravasation of Evans Blue dye in 

the broncho-alveolar lavage (Figure 1C, D). Furthermore, Areg-/- mice had a 

diminished transcriptional expression of collagen 1α type I and III (Figure S1C) and 

α-SMA, a marker of myofibroblast differentiation (Figure. 1E) on day 4 post-infection. 

Importantly, all the features of Amphiregulin deficiency could be fully reversed by 

injection of rAREG (Figure 1B-E). 

Similarly, in a model of acute liver damage induced by injection of CCl4, Areg-/- and 

C57BL/6 wt mice showed a similar severity of liver damage (Figure S1D) and overall 

recovery following CCl4 injection (Figure S1E); however, similar to the lung, also in 

the liver Areg-/- mice showed a significantly delayed restoration of blood barrier 

function (Figure S1F). 

These data suggest that following acute tissue damage Amphiregulin contributes 

mainly to the process of wound healing by enhancing the restoration of vasculature 

barrier function. 
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Figure 1 Amphiregulin contributes to the restoration of blood barrier and lung 

function 

WT and Areg-/-mice were either left uninfected or infected with N. brasiliensis and were either 

injected with 5 µg of rAREG at days 1, 2 and 3 post-infection or left untreated.  

A. Representative H&E staining and histological analysis of lung tissue at different dpi.  
B. Oxygen saturation in the blood at different dpi.  
C. Number of red blood cells in the BAL;  
D. Extravasation of Evans blue into the alveolar space as a marker of vascular 

permeability;  
E. Expression of the αSMA-encoding gene (Acta2) at 4 dpi, were evaluated. 

All data are representative of at least two independent experiments (mean ± SEM); results for 

individual mice are shown as dots. 
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Supplemental figure 1: Characterization of WT vs. Amphiregulin-deficient mice 

during acute tissue injury in lungs and liver. 

WT and Areg-/-, mice were either left uninfected or infected with Nippostrongylus 

brasiliensis (a-c). In (c) 5 µg of rAREG was injected ip. at days 1, 2 and 3 post 

infection. Alternatively, wt and Areg-/- mice were either left untreated or liver injury 

was induced by intra-peritoneal injection of CCl4 (d-f).  (a) Number of inflammatory 

cellular infiltrates in lung cell suspensions: alveolar macrophages, neutrophils, 

monocytes and eosinophils on 4 dpi.  (b) Larval load in the lungs (right graph) and 

adult worm counts in the small intestines (left graph) were determined at day 2 or day 

6 post-infection by Nippostrongylus-specific actin mRNA expression or by worm 

count, respectively.  (c) Expression of collagen alpha 1 type I and III-encoding genes 

(Col1a1 & Col3a1) in the lungs as determined by qRT-PCR. (d) Quantification of 

alanine transaminase (ALT) and aspartate transaminase (AST) in serum at different 

times after challenge. (e) Necrosis and inflammation scores assessed in H&E sections 

prior to and at days 1 and 3 after treatment.  (f) Extravasation of Evans blue into the 

liver tissue as a marker of vascular permeability on day 3 after intra-peritoneal CCl4 

injection. All data are representative of at least two independent experiments (mean ± 

SEM); results for individual mice are shown as dots. 

Macrophage-derived Amphiregulin contributes to the restoration of vascular 

integrity. 

To investigate the physiologically relevant cellular source of Amphiregulin following 

N. brasiliensis infection, we first established a mouse strain with an Amphiregulin 

deficiency specifically within hematopoietic cells (Vav1-cre x Aregfl/fl). Infecting this 

strain with N. brasiliensis larvae we found a substantially delayed recovery of lung 

and blood barrier function; suggesting that the main source of Amphiregulin 

contributing to the restoration of the blood barrier function must be of hematopoietic 

origin (Figure S2A-D). Because also T cells have been shown to produce 

Amphiregulin (Arpaia et al., 2015; Burzyn et al., 2013; Zaiss et al., 2006), we assessed 

lung repair following N. brasiliensis infection in mice that lack T and B cells (Rag1-/-

). Since the absence of an adaptive immune system did not influence the extent of 
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blood extravasation in Rag-/- compared to wt mice, (Figure S2E), we concluded that 

mainly innate immune cells produce Amphiregulin that contributes to the process of 

wound healing following N. brasiliensis infection. 



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Appendix  181 

 

Naiv
e Nb

0.00

0.05

0.10

0.15

O
D

 6
50

 n
M

**

AregΔVav1
Aregfl/fl

na
ive

 
Nb

0
1
2
3
4
5

R
BC

s/
m

L 
(x

10
7 )

 

***

0 1 2 3 4
0.4

0.5

0.6

0.7

0.8

days post-infection 

Sp
O

2 
/B

R

***

Aregfl/fl

AregΔVav1

AregΔVav1

na
ive

 
Nb

0

2

4

6

aM
ϕ
/g

r. 
(x

10
7 )

 

Aregfl/fl

na
ive

 
Nb

0

2

4

6

8
M

on
o/

gr
. (

x1
07 )

 

na
ive

 
Nb

0.0

0.2

0.4

0.6

0.8

T 
ce

lls
/g

r. 
(x

10
7 )

 

na
ive

 
Nb

0
1
2
3
4
5

N
eu
/g

r. 
(x

10
7 )

 

na
ive

 
Nb

0.0

0.5

1.0

1.5

2.0

Eo
s/

gr
. (

x1
07 )

 

a b c

d

W
T

Rag
1-
/-

0

2

4

6

R
BC

s/
m

L 
(x

10
7 )

 

W
T

Rag
1-
/-

0.00

0.02

0.04

0.06

0.08

O
D

 6
50

 n
M

e



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Appendix  182 

Supplemental figure 2: Characterization of WT vs. hematopoietic cell-restricted 

Amphiregulin-deficient mice during acute lung injury caused by Nippostrongylus 

brasiliensis infection 

wt, Aregflox/flox x Vav1-cre and/or Rag1-/- mice were either left uninfected or infected 

with Nippostrongylus brasiliensis.   

a) Oxygen saturation in the blood at different dpi. 
b) Number of red blood cells in the BAL on 4 dpi. 
c) Extravasation of Evans blue into the alveolar space as a marker of vascular 

permeability on day 4 dpi. 
d) Number of inflammatory cellular infiltrates in lung cell suspension on day 4 dpi: 

alveolar macrophages, monocytes, T-cells, neutrophils and eosinophils.   

Number of red blood cells and extravasation of Evans blue into the BAL on 4 dpi. All 

data are representative of at least two independent experiments (mean ± SEM); results 

for individual mice are shown as dots. 

 

To investigate the innate cell population that is producing Amphiregulin during tissue 

injury in more detail, we injected Brefeldin-A on day 3 post N. brasiliensis infection 

and performed intracellular Amphiregulin staining in lung cell suspensions. Although 

we detected Amphiregulin expression by several types of innate cells, the induction of 

Amphiregulin expression was most pronounced in alveolar macrophages (Figure 2A), 

which were also one of the most frequent types of leukocytes in the lungs over the first 

three days of infection (Figure S3A, B). Thus, in combination, alveolar macrophages 

appeared to be the most abundant source of Amphiregulin in infected lungs (Figure 

2A). We therefore generated a mouse strain with a myeloid- / macrophage-specific 

deficiency of Amphiregulin (LysM:cre x Aregfl/fl), which showed an alveolar 

macrophage-specific lack of Amphiregulin expression (Figure S4A). Following N. 

brasiliensis infection, LysMcre x Aregfl/fl mice showed an increase in inflammatory 

infiltrates indistinguishable to that seen in wt mice (Figure S4B). However, in 

comparison to wt mice the genetically modified mouse strain showed an impaired 

restoration of lung function and blood vessel integrity (Figure 2B-D) following N. 
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brasiliensis infection and impaired induction of collagen 1α type I and type III and α-

SMA (Figure 2E). 

To ensure that Amphiregulin deficiency does not impair the functionality of alveolar 

macrophages during lung repair, we tested the ability of alveolar macrophages from 

LysMcre x Aregfl/fl mice to acquire an alternative activation program and to proliferate 

following N. brasiliensis infection. As we could not find any substantial differences 

between Amphiregulin-deficient and WT macrophage proliferation and differentiation 

(Figure S4C), we concluded that Amphiregulin is not contributing to these processes. 

These data suggest that macrophage-derived Amphiregulin has no effect on alveolar 

macrophages themselves but directly contributes to wound repair by enhancing the 

restoration of blood vessel integrity following N. brasiliensis infection. 
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Figure 2 Macrophage-derived Amphiregulin contributes to the restoration of blood 

barrier function. 

WT and Aregflox/flox x LysM-cre mice were either left uninfected or infected with N. brasiliensis 

A. Total number and intracellular expression of Amphiregulin in leukocytes following 
i.v. injection of Brefeldin-A at 3 dpi. 

B. Oxygen saturation in the blood at different dpi. 
C. Number of red blood cells in the BAL;  
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D. Extravasation of Evans blue into the alveolar space;  
E. Expression of αSMA and collagen α1 type I and III-encoding genes at 4 dpi were 

evaluated. 
 
All data are representative of at least two independent experiments (mean ± SEM); results 
for individual mice are shown as dots. 
 

 

Supplemental figure 3: Amphiregulin expression by different leukocytes following 

Nippostrongylus brasiliensis infection 

(a) Number of AREG positive (cell surface staining) leukocytes in lung cell suspensions at 

different times post-infection (n = 4 mice). (b) A representative dot plot is shown comparing 

cell surface vs. intracellular (following in vivo Brefeldin-A treatment) AREG staining.  All 

data are representative of at least two independent experiments (mean ± SEM). 
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Supplemental figure 4: Characterization of WT vs. myeloid-specific Amphiregulin 

deficient mice during Nippostrongylus brasiliensis infection 

wt and Aregflox/flox x LysM-cre mice were either left uninfected or infected with Nippostrongylus 

brasiliensis.  (a) Cell surface Amphiregulin expression by alveolar macrophages and 

eosinophils showing targeted deletion of Amphiregulin in alveolar macrophages.  (b) Number 

of inflammatory cellular infiltrates in lung homogenates on 4 dpi: alveolar macrophages, 

monocytes, eosinophils and T-cells.  (c) Absolute number of alveolar macrophages in lung 

homogenates and the expression of markers of proliferation (Ki67) and alternative activation 

(RELMα) before and 4 dpi with Nippostrongylus brasiliensis. All data are representative of at 

least two independent experiments (mean ± SEM); results for individual mice are shown as 

dots. 
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Amphiregulin induces the activation of integrin-αv and consequently the release 

of bio-active TGF-β; thereby triggering differentiation of pericytes into 

myofibroblasts 

Having established the source of Amphiregulin, we wanted to know the downstream 

effector mechanisms that underpin Amphiregulin effects on vascular repair. 

Mesenchymal stromal cells called pericytes are a major myofibroblast precursor cell 

type in the lungs and liver (Henderson et al., 2013), known to promote integrity of 

blood vessels (Lindahl et al., 1997). Myofibroblast differentiation under inflammatory 

conditions is TGF-β driven (Henderson et al., 2013), a growth factor that is secreted 

in form of a latent protein complex that has to be released locally into its bio-active 

form in an integrin-αv mediated step (Gleizes et al., 1997; Henderson and Sheppard, 

2013; Munger et al., 1999). Since the delayed restoration of lung function in Areg-/- 

mice was directly associated with a diminished expression of the myofibroblast 

differentiation marker αSMA (Acta2) (Figure 1E), we hypothesised that Amphiregulin 

may induce the release of bio-active TGF-β by activating integrin-αv containing 

integrin complexes. To test this hypothesis, we isolated primary PDGFRβ-expressing 

pericytes, and exposed them to latent TGF-β in the presence and absence of rAREG. 

We found that whereas rAREG treatment did not increase the transcription or the cell 

surface expression of integrin-αv on cultured pericytes (Figure S5A, B), it enhanced 

the binding of the TGF-β-latency associated protein (LAP) to pericytes (Figure 3A); a 

process that could fully be reverted by the addition of an integrin-αv blocking antibody 

RMV-7 (Figure 3A). These data suggest that rAREG induced the activation of 

integrin-αv containing integrin complexes on pericytes. 

In accordance with these findings, we further found that, whereas rAREG did not 

influence the secretion of total TGF-β from primary pericytes (Figure S5C), it induced 

the release of bio-active TGF-β from its latent form (Figure 3B, upper panel; Figure 

S5D). This induced release was prevented by the addition of the EGFR inhibitor 

Gefitinib (Figure 3B) and was absent in cultures of primary pericytes derived from 

Pdgfrb-cre x Egfrfl/fl mice (Figure S5D), a mouse strain with a pericyte-specific 
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deletion of the EGFR (Henderson et al., 2013). Furthermore, the blockade of integrin-

αv by CWHM-12 (Henderson et al., 2013) (Figure 3C, upper panel; Figure S5E), but 

not of TGF-β-RI by an ALK5 inhibitor (Figure 3D, upper panel), blocked the release 

of bio-active TGF-β by rAREG treated pericytes. 

In accordance with rAREG induced release of bio-active TGF-β, we found that the 

addition of rAREG also induced the differentiation of pericytes into myo-fibroblasts 

(Figure 3B, lower panel; Figure S5F); which was an effect fully reverted by the 

addition of the EGFR inhibitor Gefitinib (Figure 3B), the integrin-αv inhibitor CWHM-

12 (Figure 3C, lower panel; Figure S5G) or TGF-β-RI inhibition (Fig. 3D, lower panel; 

Figure S5G), and which was absent in cultures of pericytes derived from Pdgfrb-cre x 

Egfrfl/fl mice (Figure S5F). 

Combined, these data reveal a mechanism by which rAREG, induces the activation of 

integrin-αv on pericytes, causing the local release of bio-active TGF-β from latent 

TGF-β and thus their differentiation into myo-fibroblasts. 
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Figure 3 Amphiregulin induces pericyte differentiation by releasing bio-active TGF-β 

via integrin-av 

Primary lung pericytes were cultured in the presence or absence of 100 ng/ml Amphiregulin, 

(A) then incubated with latent TGF-β and analyzed for LAP (latent TGF-β-associated protein) 

binding by flow cytometry. (B-D) after 24 hours of treatment the release of bioactive TGF-β 

(upper panel) as well as their differentiation into myo-fibroblasts (lower panels) was 

determined in the presence or absence of inhibitors for the EGFR (Gefitinib) (B), integrin-aV 

(CWHM-12 and its inactive control enantiomer CWHM-96) (C) or TGF-β-R (ALK5i) (D). 

All data are representative of at least two independent experiments except for b-d (mean ± 

SEM); results for preparations from individual mice are shown as dots. 
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Supplemental figure 5: Amphiregulin induces the integrin-αv mediated 

activation of TGF-β by pericytes 

Liver (a, d-g) or lung (b-c) pericytes, isolated from wt and PDGFRβ- cre x EGFRfl/fl 

mice, were cultured in the presence of 100 ng/ml rAREG.   
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(a) Expression of integrin-αv on the cell surface of cultured cells was determined by 

FACS at different times after treatment. Data are representative of four individual 

preparations in parallel.   

(b) Transcriptional levels of integrin-αv-encoding gene as measured in pericyte 

cultures 24 hours after treatment by qRT-PCR.   

(c) Total amount of TGF-β was measured by ELISA in the supernatants of pericyte 

cultures.  

(d) Release of bio-active TGF-β from primary liver pericytes derived from wt and 

Pdgfrb-Cre x Egfrfl/fl mice after 24 hrs of Amphiregulin treatment was measured using 

TMLCs (upper panel) or the differentiation of treated pericytes was measured by the 

mRNA expression of α-SMA using qRT-PCR (lower panel).  

(e) Release of bio-active TGF-β from primary liver pericytes derived from wt mice 

after 24 hours of Amphiregulin treatment in the presence or absence of the of integrin-

αv inhibitor CWHM-12 was measured using TMLCs (upper panel) or the 

differentiation of treated pericytes, was measured by the mRNA expression of α-SMA 

using qRT-PCR (lower panel).  

(f) Differentiation of WT and Pdgfrb:cre x Egfrfl/flpericytes cultured overnight and 

treated with rAREG. 

(g) Gene expression of Acta2 relative to Rn18s from pericytes treated with integrin αv 

inhibitor CWHM-12 or TGF-βR inhibitor Alk5i in the presence and absence of 

rAREG. 

All data are representative of at least two independent experiments (mean ± SEM); 

results for individual pericyte preparations are shown as individual dots.  

rTGF-β reverts the effects of Amphiregulin and pericyte-specific EGFR 

deficiency in vivo 

Next, we sought to reveal the physiological relevance of the mechanism we had found 

in vitro. In accordance with our previous observation that Amphiregulin mediates 
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TGF-β activation, we found that N. brasiliensis infected Areg-/- mice show in 

comparison to wt C57BL/6 counterparts a diminished expression of pSMAD3, the 

main mediator of TGF-β signalling (Figure S6). This suggests that Amphiregulin also 

in vivo contributes to the release of bio-active TGF-β.  

 

Supplemental figure 6: Amphiregulin deficient mice show reduced TGF-β 

signaling in response to lung injury 

wt and Areg-/- mice were infected with Nippostrongylus brasiliensis and 

phosphorylation of SMAD3 was assessed by Western blot at 4 dpi. Values are 

normalized by total β-Tubulin. 

To test the link between Amphiregulin and TGF-β, we injected rTGF-β into N. 

brasiliensis infected Areg-/- mice. As shown in Figure 4A-C, the injection of rTGF-β 

fully reverted the deficiency of Areg-/- mice in the restoration of lung function and 

blood vessel integrity. 
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Figure 4 rTGF-β restores tissue repair in Areg-/- mice 

WT, Areg-/- or Egfrflox/flox x PDGFRb-cre mice were either left uninfected or infected 

with N. brasiliensis. On days 1, 2 and 3 pi mice were treated with 5 mg of either 

rAREG or rTGF-β or left untreated. (A, D) Oxygen saturation in the blood at different 

dpi. (B, E) Number of red blood cells in the BAL; (C, F) extravasation of Evans blue 

into the alveolar space at 4 dpi were evaluated. (G) transcriptional expression of the 
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α-SMA and collagen α1 type I and III were evaluated at 4 dpi. Data represent mean ± 

SEM; results for individual mice are shown as dots. 

To dissect this mechanism further, we analyzed Pdgfrβ-cre x Egfrfl/fl mice, a mouse 

strain with a pericyte-specific deficiency of EGFR expression (Figure S7A). At steady 

state, Pdgfrβ-cre x Egfrfl/fl mice showed no reduced transcriptional expression of 

Pdgfrb in comparison to wt controls (Figure S7B) and thus, we concluded that EGFR 

ablation on pericytes did not affect the development or survival of this cell population. 

Nevertheless, when infected with N. brasiliensis, we found that similar to Areg-/- mice 

also Pdgfrβ-cre x Egfrfl/fl mice showed a diminished restoration of lung function 

(Figure 4D) and blood vasculature integrity (Figure 4E, F). Also α-SMA and collagen 

gene expression on day 4 post-infection was diminished in comparison to WT mice 

(Figure 4G). Pdgfrβ-cre x Egfrfl/fl mice showed a similar influx of leukocytes into the 

lungs (Figure S7C), a comparable alveolar damage (Figure S7D) and a similar worm 

burden (Figure S7E) as WT mice. Furthermore, similar results were found in the liver 

with selectively the restoration of blood barrier function being delayed following CCl4-

induced damage in Pdgfrβ-cre x Egfrfl/fl mice as compared to WT littermates (Figure 

S7F) despite a similar extent of inflammation and necrosis (Figure S7F). 

Moreover, while the injection of rTGF-β into N. brasiliensis infected Pdgfrβ-cre x 

Egfrfl/fl mice (Figure 4D-F) fully restored their lung function and blood barrier integrity 

on day 4 post-infection, the administration of rAREG did not revert this phenotype in 

Pdgfrβ-cre x Egfrfl/fl mice (Figure 4D-F). 

Taken together these data demonstrate that Amphiregulin is functioning up-stream of 

TGF-β in the differentiation of pericytes into myofibroblasts during acute tissue 

damage. 



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Appendix  195 

 

Supplemental figure 7: Characterization of WT vs. pericyte-specific EGFR-deficient 

mice during acute tissue injury in lungs and liver 
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(a) Liver pericytes were isolated from C57BL/6, Egfrflox/flox or Egfrflox/flox x Pdgfrb-cre mice and 

differentiated into myo-fibroblasts in vitro subsequently, the cre translocase-induced 

alterations in the EGFR gene locus were detected by PCR.  

(b-d) Egfrflox/flox or Egfrflox/flox x Pdgfrb-cre mice were either left uninfected or infected with 

Nippostrongylus brasiliensis.   

(b) transcriptional expression of the α-SMA and collagen α1 type I and III evaluated at 4 dpi. 

(c) Number of inflammatory cellular infiltrates in lung cell suspensions: alveolar macrophages, 

neutrophils, monocytes and eosinophils.   

(d) Histology score and representative H&E staining of lung tissue (x100) and ALI scores at 

days 0 and 4 after inoculation.   

(e) Expression of PDGFRβ-encoding gene as an indication of the stability of the pericyte 

population was determined in Egfrflox/flox or Egfrflox/flox x Pdgfrb-cre mice at steady state.  

(f) Number of adult worms in the small intestine of wt or Egfrflox/flox x Pdgfrb-cre mice 6 dpi.  

(g) Egfrflox/flox or Egfrflox/flox x Pdgfrb-cre mice were either left untreated or liver injury was 

induced by intra-peritoneal injection of CCl4. Extravasation of Evans blue into the liver tissue 

as a marker of vascular permeability and liver injury scores before and after treatment.  

All data are representative of at least two independent experiments (mean ± SEM); results for 

individual mice are shown as dots. 

 

Amphiregulin-induced integrin-αv activation promotes vascular repair 

To address the role of Amphiregulin-induced integrin-αv activation in the restoration 

of lung function during N. brasiliensis infection, we inserted mini-pumps into 

C57BL/6 wt mice containing the integrin-αv inhibitor CWHM-12 prior to N. 

brasiliensis infection. We found treatment with the integrin-αv inhibitor CWHM-12 

had no effect on the increase in inflammatory infiltrates into the lungs and the 

migration of worms into the intestine (Figure S8A, B). Nevertheless, mice treated with 

the integrin-αv inhibitor CWHM-12 showed a diminished restoration of blood barrier 
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function following N. brasiliensis infection (Figure 5A, B). This effect could fully be 

reverted by the administration of rTGF-β but not by rAREG (Figure 5A, B). These 

data clearly demonstrate that Amphiregulin effects occur upstream of integrin-αv 

activation. 

Finally, to directly demonstrate the involvement of integrin-αv on pericytes during 

vascular repair, we generated pericyte-specific integrin-αv-deficient mice (Pdgfrβ-cre 

x Itgavfl/fl) and infected these with N. brasiliensis larvae. As shown in Figure 5C-E, 

pericyte-specific deficiency of integrin-αv directly reproduced the effects of systemic 

CWHM-12 delivery during N. brasiliensis infection - again showing a delay in the 

recovery of lung function and vascular repair, despite having a similar influx of 

leukocytes into the lungs and worm migration into the intestine (Figure S8C, D). 

These experiments demonstrate that also in vivo Amphiregulin contributes to the 

restoration of tissue integrity by inducing integrin-αv mediated TGF-β release 

specifically on pericytes. 
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Figure 5 Amphiregulin restores blood barrier function via pericyte-specific activation 

of integrin-aV complexes 

WT and Itgav x PDGFRb-cre mice were infected with N. brasiliensis or left uninfected. 

(A, B) Minipumps containing the integrin-αv inhibitor CWHM-12 were inserted 

subcutaneously into WT mice 3 days prior to infection, and mice were treated with 5 mg of 

either rAREG or rTGF-β 1, 2 and 3 dpi. 

(A, D) number of red blood cells in the BAL; (B, E) extravasation of Evans blue into the 

alveolar space were evaluated 4 dpi. (C) Oxygen saturation in the blood at different dpi. Data 

represent mean ± SEM; results for individual mice are shown as dots. 

DMSO/H 2O

CW
HM12

CW
HM12

 + 
Areg

CW
HM12

 + 
TGFβ

0

5

10

15

R
BC

s/
m

L 
(x

10
7 )

 

* *

DMSO/H 2O

CW
HM12

CW
HM12

 + 
AREG

CW
HM12

 + 
TGFβ

0.00

0.05

0.10

0.15

0.20

O
D

 6
50

 n
M

* *

0 1 2 3 4

0.4

0.6

0.8

days post-infection 

Sp
O

2 
/B

R

*

Itgavfl/fl

ItgavΔPDGFRβ Itgavfl/fl

ItgavΔPDGFRβ

na
ive

 
Nb

0

2

4

6

8

R
BC

s/
m

L 
(x

10
7 )

 
*

na
ive

 
Nb

0.00

0.05

0.10

0.15

O
D

 6
50

 n
M

**

DM
SO

/H
2O

CW
HM

12
CW

HM
12

+ 
AR

EG
CW

HM
12

+ 
TG

Fβ

ba

dc e



Influence of Epidermal Growth Factor Receptor Ligands in Wound Healing and Fibrosis 

Appendix  199 

 

Supplemental figure 8: Characterization of pharmacological inhibition or pericyte 

specific ablation of integrin αv during acute lung injury caused by Nippostrongylus 

brasiliensis infection 

wt and/or Igtavflox/flox x Pdgfrb-cre mice were either left uninfected or infected with 

Nippostrongylus brasiliensis. In (a-b) minipumps containing the integrin-αv inhibitor 

CWHM-12 were inserted subcutaneously in wt mice 3 days prior to infection. (a, c) Number 
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of inflammatory cellular infiltrates in the BAL (a) or lung cell suspensions (c): alveolar 

macrophages, neutrophils, monocytes, eosinophils and T-cells were determined 4 dpi. (b, d) 

Number of worms in the intestine of infected mice was determined 6 dpi 

Discussion 
 
Our data reveal a novel mechanism by which Amphiregulin induces the activation of 

integrin-αv complexes on pericytes and in this way the local release of bio-active TGF-

β. This in turn induces their differentiation into collagen producing myofibroblasts, 

which critically contributes to the restoration of vascular integrity in injured tissues. 

This unexpected link between Amphiregulin-induced EGFR signaling and TGF-β 

activation may explain, in addition to its role in wound healing, also several formerly 

described effects associated with Amphiregulin expression. Amphiregulin has been 

associated with tissue fibrosis (Perugorria et al., 2008), regulatory T-cell mediated 

immune regulation (Zaiss et al., 2013) and tumour growth (Khambata-Ford et al., 

2007; Li et al., 2010; Tinhofer et al., 2011). As all these processes are strongly 

influenced by TGF-β-induced signalling (Li et al., 2006), our data suggest that also in 

these situation Amphiregulin may function by inducing the activation of locally 

expressed latent TGF-β. To target TGF-β directly in a therapeutic setting is currently 

strongly hindered by its house-keeping function, for instance due to its role in heart 

muscle homeostasis. However, TGF-β can be activated in different way and mainly 

the inflammatory activation is mediated by integrin-αv activation (Henderson and 

Sheppard, 2013). Therefore, our finding that Amphiregulin regulates TGF-β function 

under inflammatory conditions may propose targeting Amphiregulin activity as an 

attractive alternative therapeutic approach in the context of tumor therapy or chronic 

inflammation-associated fibrotic diseases. 

Our findings furthermore elaborate a previously unrecognized way by which 

macrophages contribute to wound healing. It is well-established that macrophages 

contribute to the process of wound healing by removing cell debris and the release of 

growth factors that for example stimulate angiogenesis or fibroblast replication and, 

subsequently, dampen inflammation (Minutti et al., 2017c; Wynn et al., 2013). Our 
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data now show that by responding to the breach of barrier function and controlling the 

local release of bio-active TGF-β, macrophages also control the differentiation of local 

tissue-precursor cells. This finding dove-tails with previous studies demonstrating that 

in particular alveolar macrophages play an essential role in limiting acute tissue 

damage during experimental helminth infection (Chen et al., 2012; Minutti et al., 

2017b) and reveals a novel function for a cell type, optimally located to function as a 

sentinel of tissue injury. 

In addition, the here described cross-talk between EGFR and TGF-β substantially 

contributes to our understanding of how the function of the pleiotropic cytokine TGF-

β is regulated. A cross-talk between EGFR and TGF-β signaling has been proposed 

before. However, so far these studies focused exclusively on the high affinity EGFR 

ligand EGF, which interferes with TGF-β intra-cellular signaling and counteracts its 

functioning (Lo et al., 2001; Massague, 2000), thereby inducing the proliferation and 

preventing the differentiation of tissue stem cells (Basak et al., 2017). In contrast to 

EGF, Amphiregulin is a low affinity EGFR ligand (Berasain and Avila, 2014) and as 

such induces a tonic signal via the EGFR (Freed et al., 2017). Accordingly, 

Amphiregulin does not induce receptor internalization (Stern et al.,2008) but 

preferentially induces PLCγ signalling via the phosphorylation of Tyr-992 (Gilmore 

et al., 2008; Minutti et al., 2017a). It is well established that the induction of tonic 

PLCγ signalling by growth factors induces integrin complex activation (Shattil et al., 

2010), which in turn is known to be a critical step in the local conversion of latent into 

bio-active TGF-β (Robertson and Rifkin, 2016). Thus, in conclusion, our data reveal 

that EGFR mediated signaling is a key determinant of the local functionality of TGF-

β. Depending on the quality of the EGFR induced signals, different ligands can either 

activate TGF-β (Amphiregulin-induced) or block its activity (EGF-induced). 

Such novel way to regulate TGF-β function may also resolve the long-standing 

paradigm that signaling via some receptor-tyrosine kinases, such as NGF via the 

NGFR, can induce the differentiation of the neural progenitor cells PC-12, while other 

signals, such as EGF via the EGFR can actively block their differentiation (Traverse 

et al., 1992). So far, it has been assumed that the qualitative difference in MAP-kinase 

activation (tonic vs oscillating) is the main driver of these different physiological 
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outcomes (Marshall, 1995). However, our data now suggest a possible alternative 

explanation for this phenomenon, i.e. that different growth factors induce distinct intra-

cellular signals that either interfere with the TGF-β signalling pathway (Lo et al., 2001) 

and thereby either prevent differentiation (Basak et al., 2017) or actively induce the 

activation of TGF-β, in this way inducing the differentiation of PC-12. Further analysis 

of the effect of NGF on integrin-αv activation and consecutive release of bio-active 

TGF-β upon exposure to PC-12 cells may help to confirm such a hypothesis. 

This here revealed novel cross-talk between the EGFR and TGF-β may also explain 

the selective expression of the EGFR on tissue progenitor cells. This is by far the best 

studied in the situation of Lgr5 expressing intestinal stem cells. Lgr5 expressing 

intestinal stem cells have a high expression of the EGFR, which supports their 

proliferation and prevents their differentiation (Basak et al., 2017). Resting, so called 

“reserve” tissue stem cells however, are physically removed from the proliferating 

stem cell compartment; they have low expression of the EGFR and even express the 

molecular EGFR inhibitor LRIG (Powell et al., 2012; Wong et al., 2012). Such active 

inhibition of the EGFR may function to prevent the proliferation of these resting stem 

cells or, alternatively, to prevent untimely TGF-β-induced differentiation. Under 

inflammatory conditions, however, the expression of the EGFR on activated tissue 

stem cells may open a window of opportunity for cells of the immune system to 

influence the fate decision of tissue stem cells by secreting Amphiregulin, inducing 

their differentiation. This mechanism could then enable inflamed tissue to rapidly 

adjust to changes in the state of inflammation, in this way contributing to the 

restoration and maintenance of tissue integrity. 

 

Materials & Methods 
Further information and requests for resources and reagents should be directed to and 

will be fulfilled by the Lead Contact, Dietmar Zaiss (Dietmar.Zaiss@ed.ac.uk). 

Experimental Model and Subject details 

Breeding of experimental animals 
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Areg-/-(Luetteke et al., 1999; Zaiss et al., 2006), Aregflox/flox(Aregtm2a(EUCOMM)Hmgu 

obtained from The European Conditional Mouse Mutagenesis Program), Aregflox/flox x 

LysM-cre+/−(Clausen et al., 1999), Egfrflox/flox(Natarajan et al., 2007),Itgavflox/flox(Foo et 

al., 2006; Henderson et al., 2013),Egfrflox/flox/Itgavflox/flox x Pdgfrb-cre+/−(Foo et al., 

2006; Henderson et al., 2013), Pdgfrb-BAC-eGFP (Henderson et al., 2013) reporter 

mice and Rag1-/-(Salmond et al., 2014) were bred and maintained on C57BL/6 

background at the University of Edinburgh under specific-pathogen free conditions. 

Mice were 8-12-weeks old at the start of the experiments and were housed in 

individually ventilated cages. Mice were not randomized in cages, but each cage was 

randomly assigned to a treatment group. Investigators were not blinded to mouse 

identity during necropsy but during worm counts and histological analysis. Male and 

female mice were used to perform the experiments. However, in no occasion, we 

observed an obvious difference between sexes within the parameters analysed for our 

experiments. Experiments were performed in accordance with the United Kingdom 

Animals (Scientific Procedures) Act of 1986. The UK Home Office accredited all 

researchers for animal handling and experimentation. Dispensation to carry out animal 

research at the University of Edinburgh was approved by the University of Edinburgh 

Animal Welfare and Ethical Review Body and granted by the UK government Home 

Office; as such all research was carried under the project license PPL70/8470. Sample 

sizes were based on extensive previous experience with Nippostrongylus brasiliensis 

infection model. No individual data points were excluded under any circumstances. 

Method details 

Primary cell isolation 

 

Lung: Mouse lungs were perfused through the left ventricle using cold Hanks’ 

Balanced Salt Solution (Sigma). The lung was excised, minced with scissors and 

further digested in 0.1% Collagenase B, 1% Pronase and 0.025% DNase 1 (Roche). 

After addition of the enzymes the tissue was shaken at 37 °C for 20 min and forced 

through a 70 µM cell strainer. The cell suspension was centrifuged twice at 200g for 5 
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min. Following staining detailed in “Flow Cytometry”, pericytes and macrophages 

were sorted using a FACS Aria (BD Biosciences).  

Liver: Pericyte isolation from mouse livers was carried out as described in (Graham, 

2002). Briefly, livers from 4 mice were harvested in cold Hanks’ Balanced Salt 

Solution post perfusion. Organs were minced, enzyme digested and filtered in a similar 

way to the lungs. The suspension was centrifuged at 600g for 7 minutes at room 

temperature. A gradient was prepared using 60% Optiprep (Alere) with HBSS in the 

lower phase and 39.86% Optiprep in the middle phase homogenised with the cell 

pellet. The top was layered with 0.5 ml HBSS followed by centrifugation at 1400g for 

20 minutes at 4℃ without break. The interphase between the top and middle layers 

were collected and washed by centrifugation at 600g for 7 minutes. Finally, the pellet 

was treated with RBC lysis buffer (Sigma) and washed. Cells were isolated and plated 

in tissue culture treated 12 well plates (Corning) in pericyte medium i.e. DMEM with 

20% FCS, 10mM L-Glutamine, 100units Penicillin Streptomycin (Gibco) and were 

allowed to settle overnight at 37℃, in humidified atmosphere at 5% CO2. The cells 

were then washed thoroughly with PBS and then treated as indicated.  

Pericyte culture conditions and treatment 

Pericytes were cultured in DMEM containing glucose, pyruvate and L-glutamine 

(Gibco), supplemented with penicillin-streptomycin, 5 x10-5 M 2-mercaptoethanol 

(Sigma) and 15% FCS (Gibco) at 37°C in a humidified atmosphere at 5% CO2. Isolated 

pericytes were incubated in the presence of 50-100 ng/mL of AREG (BioLegend) or 

0.5 ng/mL of TGF-β1 (R&D Systems). Inhibitors were used at the following 

concentrations: Gefitinib (LC laboratories) (1 mM), CWHM-12 (2 µM) and Alk5i (1 

µM). CWHM-96 the inactive enantiomer of CWHM-12 was used as control. Under 

these conditions, cell viability was higher than 92%. At the end of experiment cells 

were stored in TRIzol (Invitrogen) and supernatants were frozen for subsequent 

analysis.  

Activation of integrin αv was quantified as described before (Munger et al., 1999). In 

summary, pericytes in suspension were treated with 50-100 ng/mL amphiregulin for 
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0-30 min and subsequently with 0.1 mg/ml recombinant mouse LAP (Biolegend) for 

30 min at 37 °C.  After fixation and washing, cells were stained with an anti-LAP and 

analyzed by flow cytometry.  

Measurement of bio-active TGF-β 

Luciferase Assays 

Bioactive TGF-β was measured from liver pericytes using transgenic Mink Lung 

Epithelial cells (MLECs), which express luciferase, downstream of the (PAI-1) 

promoter, corresponding to the expression of bioactive TGF-β (Abe et al., 1994). The 

assay was carried out as described in (Wipff et al., 2007). In brief, MLECs were plated 

as 25,000/ well and allowed to adhere for 3 hours following which their supernatant 

was replaced with either TGF-β standards, or the pericyte supernatant from control or 

treated wells. Measurement of total TGF-β was achieved by heat activation and of the 

samples. After 20 hours of incubation, the MLECs were lysed and were read for 

luciferase activity using the Varioscan Flash (Thermo Scientific). Data was 

represented as a percentage of the total TGF-β in the respective sample.  

FACS-based ELISA: Alternatively, active and total TGF-β1 were measured in 

culture supernatants using ELISA kits (Biolegend) as per manufacturer’s instructions. 

Nippostrongylus brasiliensis infection and delivery of recombinant AREG and 

TGF-β1 

Rat-adapted N. brasiliensis was maintained by serial passage through Sprague Dawley 

rats, as described previously (Sutherland et al., 2014). Mice were infected 

subcutaneously with 300 N. brasiliensis third-stage larvae and 500 larvae for SpO2 

measurements. Analysis of samples was performed at different times post-infection, 

as indicated. Adult worm burden was determined by removing the small intestine and 

exposing the lumen by dissection. The lungs were washed with Dulbecco’s phosphate 

buffered saline to obtain the broncho-alveolar lavage (BAL) before tissue collection. 

Subsequently, the right lung was fixed for histology analysis. Alternatively, one 

section of the left lung was stored in TRIzol for mRNA quantification; another section 

was homogenized to obtain single cell suspensions for flow cytometry analysis, and a 
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third section was stored for western blot analysis. In this case, lung tissue was 

homogenized in lysis buffer.  

In rAREG and rTGF-β1 delivery experiments, 5 mg of either mouse recombinant 

protein (BioLegend) were injected intraperitoneally (AREG) or via the tail vein (TGF-

β1) at days 1, 2 and 3 post N. brasiliensis infection following procedures described 

previously (Jamieson et al., 2013; Monticelli et al., 2011). 

Liver injury  

Carbon tetrachloride liver injury was induced by injecting i.p. with 0.5 µl/ g body 

weight CCl4 (Sigma-Aldrich) in a 1:1 ratio in olive oil (Sigma) or olive oil alone for a 

control group. The liver was harvested at specific time points post injection, as 

indicated. For the analysis of different parameters, the liver was first perfused in situ 

by injecting ice cold PBS (Sigma) through the hepatic portal vein and gently cutting 

the inferior vena cava to release the pressure built up of blood. Different lobes of the 

liver were collected for cell isolation, qRT-PCR and histology. The lobes used for 

different readouts were always consistent across all experiments. 

Evans Blue Dye leakage assays  

Evans Blue leakage assays were performed as described before(Goto et al., 2010): 

mice were injected via the tail vein with Evans blue dye (Fluka) (100 mg/kg) four days 

after N. brasiliensis infection or three days after CCl4-induced liver injury. Three hours 

after Evans blue injection, BAL was performed, and alveolar cells were removed by 

centrifugation. Alternatively, the livers were perfused, removed, and immersed in 

formamide at 55°C. After 24 hours' incubation, formamide including eluted blue dye 

was collected. The absorbance at 650 nm was measured with BAL fluid and 

formamide samples.  

In vivo delivery of Brefeldin A  

In vivo delivery of Brefeldin A was performed as previously described (Minutti et al., 

2017). Briefly, Brefeldin A (Sigma) was resuspended at 20 mg/ml in DMSO. Further 

dilution to 1 mg/ml was made in PBS, and 250 µL were injected intravenously 6 hours 
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later BAL and lung tissue were harvested and processed in the presence of Monensin 

(Sigma) for flow cytometry analysis. 

In vivo CWHM 12 delivery  

CWHM-12 and CWHM-96, the inactive control enantiomer of CWHM-12, were 

prepared as reported previously(Henderson et al., 2013). CWHM-12 and CWHM-96 

were solubilized in 50% DMSO (in sterile water) and dosed to 100 mg per kg body 

weight per day. Drug or vehicle (50% DMSO) was delivered by implantable ALZET 

osmotic minipumps (Charles River). Pumps were inserted subcutaneously 3 days 

before N. brasiliensis infection. Delivery of CWHM-96 or vehicle (DMSO/H2O) 

produced indiscernible effects.  

Measurement of Pulse Oximetry 

The MouseOxTM Pulse-oximeter (Starr Life Sciences) was used to measure blood 

SpO2 and breathe rate in N. brasiliensis-infected mice during the course of infection. 

A depilatory agent (Nair, Church & Dwight) was applied to the neck of mice a day 

prior to N. brasiliensis infection to remove hair and delay future hair growth. For 

readings mice were sedated with 2.5-5mg/kg intra-peritoneal Midazolam (Roche). 

Subsequently, the oximeter clip was placed on the neck and percent SpO2 was 

measured each second over several minutes, data shown is the ratio of SpO2/breathe 

rate readings recorded over 3–5 min per mouse. 

Histology 

Lung and liver lobes were fixed with 10% neutral buffered formalin (lungs were 

inflated with fixative agent), incubated overnight and transferred to 70% ethanol. 

Organs were paraffin-embedded, sectioned and stained with hematoxylin and eosin 

(H&E). The following morphological changes within the lungs were graded - Alveolar 

wall destruction: 0 absent, 1 mild damage, 2 moderate, 3 severe; Peri-bronchial/peri-

vascular mononuclear cell infiltrate and Peri-bronchial/peri-vascular neutrophil 

infiltrate: 0 absent, 1 <20% bronchi/vessel involvement, 2 20-70% involvement, 3 

>70% involvement; Alveolar neutrophils: 0 absent, 1 mild increase in neutrophils, 2 
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moderate, 3 severe). Alternatively, livers were graded according to the following 

criteria: Necrosis 0 no pathological change,1 degenerated hepatocytes with only rare 

foci of necrosis, 2 small area of mild centrilobular necrosis around the central vein, 3 

area of mild centrilobular necrosis severer than grade 2, 4 centrilobular necrosis 

severer than grade 3. Inflammation 0 none, 1 isolated inflammatory cells, >10% 

central vein profiles, 2 diffuse individual and aggregates of pericentral inflammatory 

cells, 3 confluent pericentral inflammation, <50% circumference, 4 confluent 

pericentral inflammation, >50% circumference. The degree of organ injury and 

inflammation was assessed by the sum of scores of the parameters, and the average 

sum of each was compared between groups. 

RNA extraction and quantitative real-time PCR 

Tissue or cells in culture were homogenised in TRIzol with a TissueLyser (Qiagen) 

and RNA was isolated following manufacturer’s instructions. Reverse transcription 

was performed using 1 µg of total RNA using 200 U of M-MLV reverse transcriptase, 

10 mM dNTPs, and 0.5 µg Oligo dT15 and RNasin inhibitor (Promega). Transcript 

levels of genes of interest were measured by real-time PCR with the Lightcycler 480 

II system (Roche) using Taqman Master kit and specific primers (Supplementary 

Table 2), as previously described. PCR amplification was analysed using 2nd 

derivative maximum algorithm (LightCycler 480 Sw 1.5, Roche) and the expression 

of the gene of interest was normalised to the housekeeping gene Rn18s. 

Western blots 

Tissue lysates were prepared by homogenising the lung in a buffer containing: 10 mM 

HEPES (pH 7.9), 15 mM MgCl, 10 mM KCl, 0.5 mM EDTA, 0.2% Triton X-100, 1 

mM benzamidine, 200 mg/ml aprotinin, 200 mg/ml leupeptin, 1 mM PMSF (Sigma-

Aldrich) and phosphatase inhibitors: 20 mM b-glycerophosphate, 10 mMNaF, 10 mM 

sodium pyrophosphate, and 2 mM orthovanadate (Sigma-Aldrich). Tissue lysates were 

resolved by 8% (m/v) SDSPAGE in reducing conditions and transferred to 

nitrocellulose membranes. After blocking with 2% BSA, membranes were washed and 

incubated with an anti-pSMAD3, SMAD or β-Tubulin antibodies (Cell Signaling) 

overnight at 4°C. Proteins were detected with secondary Abs goat anti-mouse A680 
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(Life Technologies) and goat anti-rabbit IR800 (Thermo scientific) and visualized with 

an infrared imaging system (Odyssey; LI-COR Biosciences). 

Flow Cytometry 

Single cell suspensions from lung or liver lobes were prepared by digesting with 0.03% 

Collagenase D, 0.038% Collagenase B and 0.025% DNase 1(Roche) in HBSS at 37°C 

for 20 minutes. Tissue was homogenized by forcing through a 70 µM cell strainer and 

subsequently treated with red blood cell lysis buffer (Sigma). Red blood cells and other 

tissue and BAL cells were counted using an automated cellometer T4 (Peqlab). Cells 

were incubated with Fc block (CD16/CD32 and mouse serum) (BD Biosciences) and 

stained with fluorescent conjugated antibodies against different cell surface antigens 

(Supplementary table 3) or isotype control, in some cases followed by secondary 

reagents (Invitrogen). Different cell populations were identified by the expression of 

markers detailed in Supplementary table 4. Following surface staining, cells were fixed 

with 2% paraformaldehyde in Dulbecco’s phosphate buffered saline for 20 min at 

room temperature, permeabilized with Perm wash (BD Biosciences), and then stained 

with anti- amphiregulin, anti- RELMα, or isotype control followed by secondary 

reagents (Invitrogen). For detection of Ki67 and FoxP3, cells were stained for surface 

markers, then fixed and permeabilized using FoxP3 staining buffer set (eBioscience), 

and subsequently stained with FoxP3 or Ki67 set. Expression of amphiregulin, 

RELMα and Ki67 was determined relative to isotype control staining. Live/Dead (Life 

Technologies) was used to exclude dead cells from analysis. Samples were analyzed 

by flow cytometry using Becton-Dickinson FACS LSR II and FlowJo software. 

Quantification and Statistical analysis 

Statistical evaluation of different groups was performed either by analysis of variance 

(ANOVA) followed by the Tukey multiple comparison test or by non-parametric 

Mann-Whitney test, as indicated. An α level ≤ 5% (p ≤ 0.05) was considered 

significant. All statistical calculations were performed using PRISM, (Graphpad). 
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