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ABSTRACT 
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SARS coronavirus (SARS-CoV) is a pathogenic respiratory virus that causes 

acute lung injury in humans. In turn, the host mounts a wound healing response to repair 

the injury. One of the major sequelae caused by SARS-CoV is pulmonary fibrosis (PF), 

which occurs more frequently in older patients. Fibrosis is caused by a dysregulated 

wound healing response and the molecular pathways underlying the development of 

fibrosis are not completely understood. Using mouse models of SARS-CoV pathogenesis, 

we have identified that the wound healing pathway, controlled by the epidermal growth 

factor receptor (EGFR) is critical to recovery from SARS-CoV induced tissue damage.  

In mice with constitutively active EGFR, [EGFR(DSK5) mice], we find that SARS-CoV 

infection causes enhanced lung disease.  Importantly, we show that during infection the 

EGFR ligands amphiregulin and HB-EGF are upregulated and exogenous addition of 

these ligands during infection of wildtype mice leads to enhanced lung disease and 

altered wound healing dynamics. Our data demonstrate a key role of EGFR in the host 

response to SARS-CoV and how it may be implicated in lung disease induced by other 

highly pathogenic respiratory viruses.  
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Preface 

I present in the following chapters the fruits of four years of hard work 
investigating the mechanisms of how lung fibrosis develops. For a major part of my 
career I have studied signaling pathways involved in how the presence of a virus is 
sensed by the host. This work is both a product of that training and a personal quest to 
find a new way of looking at fibrosis. Interstitial lung disease runs in my family and I 
have seen up close how it can slowly but surely devastate a person. Supportive therapy 
(like corticosteroids) is the only option available to treat fibrosis and it only alleviates the 
symptoms temporarily. The mouse model of SARS-CoV infection provides a reliable 
way of triggering fibrosis and studying the molecular causes of it. Our goal in this study 
was to identify signaling cascades involved in the development of fibrosis. We hope that 
our findings will provide an entry point for treatment in preventing the onset of fibrosis 
and ultimately in the reversing fibrosis. 
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Chapter 1: The role of EGFR in wound healing and fibrosis 

 

Abstract: 

Following the 2003 epidemic of severe acute respiratory syndrome (SARS), it 

was noticed that many patients who survived the severe illness developed residual 

pulmonary fibrosis, as shown by clinical findings and radiography.  Varying degrees of 

fibrosis were also observed in autopsies of fatal cases.  Although pulmonary fibrotic 

changes are occasionally observed as sequelae of other respiratory viral infections, they 

appear to be more common following SARS coronavirus (SARS-CoV) infection. Given 

the threat of future outbreaks of severe coronavirus disease, including Middle East 

respiratory syndrome (MERS), it is important to understand the mechanisms responsible 

for pulmonary fibrosis, so as to support the development of therapeutic countermeasures 

and mitigate sequelae of infection.   

In this chapter, I summarize the extent to which fibrosis occurs after a pulmonary 

viral infection, describe efforts to recapitulate fibrotic changes in mouse models of 

SARS, and review evidence that the condition represents a hyperactive response to lung 

injury, driven by proinflammatory mediators acting through epidermal growth factor 

receptor (EFGR) signaling.  I present work by our group and others indicating that 

inhibitors of EFGR may be useful in preventing an excessive fibrotic response in SARS 

and other respiratory viral infections, and indicate directions for future research. 
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What is fibrosis?  

Fibrosis is the excessive deposition of fibrous extracellular material in response to 

injury, a normal event in the course of a wound healing response where damaged tissue is 

removed and rebuilt [1,2]. However, unchecked fibrosis will result in the scarring of 

organs, compromising their architecture and function.  The chronic wound healing 

response triggered by persistent tissue damage causes fibrosis [2]. Fibrosis inducing 

agents including chemical agents (eg. aerosolized solvents) [3], physical agents 

(particulates like smoke, asbestos etc.) [4,5], radiation [6] or pathogens [7] can cause 

tissue damage resulting in fibrosis. Work presented in this dissertation will focus on one 

of these agents, namely viruses and specifically the SARS coronavirus (SARS-CoV) in 

its ability to induce fibrosis of the lungs.  

 

Respiratory viruses induce fibrosis.  

Induction of fibrosis is not unique to SARS-CoV. A recent meta-analysis of 

global idiopathic pulmonary fibrosis (IPF) rate finds that from the year 2000 onwards, a 

conservative incidence range of 3–9 cases per 100,000 per year for Europe and North 

America [8].  In the case of patients suffering from IPF, there is no known trigger for the 

onset of disease but viral infections are thought to be a co-factor [9,10]. Herpesviruses, 

such as Epstein-Barr virus (EBV) or human cytomegalovirus (HCMV), adenovirus, 

transfusion-transmitted virus (TTV, also known as Torque Teno Virus) and hepatitis C 

virus (HCV) have all been associated with IPF disease  by detection of antibodies against 

viral proteins or viral gene products in lungs of IPF patients [9]. Elevated serum levels of 

chemokines (such as transforming growth factor Beta 1 (TGF-β1)) and development of 
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pulmonary fibrosis have also been reported in influenza A (H1N1) virus-infected patients 

[11]. However, these studies only correlate the presence of a virus with IPF and it is 

unclear if and how the viruses directly trigger the disease or just create the conditions 

required for the development of pulmonary fibrosis caused by a secondary trigger (e.g. 

toxins, particulates or radiation) [2,9]. 

In humans, acute viral infection often leads to the development of acute 

respiratory distress syndrome (ARDS), resulting from acute lung injury [12]. Histological 

analysis shows that 64% of ARDS patients may have pulmonary fibrosis (PF) during 

recovery [13]. To demonstrate mechanistic correlation between viral infection, ARDS 

and PF, mouse models of viral infection have been utilized.  Animal studies have 

produced additional evidence that viruses can trigger fibrosis. Murine gamma-herpesvirus 

68 (MHV-68) infects mouse lungs and was shown to trigger pulmonary fibrosis in 

interferon (IFN)-γ receptor knockout mice (Ifngr1–/–)[14]. Additionally, when an anti-

viral drug cidofovir was administered post-infection, it resulted in protection from 

pulmonary fibrosis [15]. A similar protective effect was seen in infections involving a 

mutant MHV-68 that was defective for reactivation from latency suggesting a connection 

between virus life cycle and lung fibrosis for this virus[15].  

Respiratory syncytial virus (RSV) is the leading pediatric respiratory virus, 

resulting in high morbidity and mortality worldwide [16].  RSV infection causes 

significant acute lung injury with the potential for ARDS and other pulmonary 

complications [16].  In mouse models of respiratory syncytial virus (RSV) infection, it 

was shown that mouse airways that were pre-sensitized with ovalbumin (OVA) were 

much more likely to develop fibrosis [17]. Another study showed RSV infection caused 
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pulmonary fibrosis in C57Bl/6 mice and showed enhanced pathology in combination 

with cigarette smoke [18].  Furthermore, influenza A (H5N1) virus-infected humans and 

mice also develop pulmonary fibrosis over 30-days post infection [12,19].   

Taken together, these data support a strong correlation between respiratory viral 

infections and the development of pulmonary fibrosis in humans. Animal models suggest 

that virus infection, either alone or in combination with immune modulation, could be a 

trigger for the onset of fibrosis, at least in some viruses. However, the molecular 

mechanisms following the viral infection that ultimately result in fibrosis have largely 

remained unexplored.  

 

SARS-CoV induces fibrosis in humans.  

After an acute SARS-CoV-induced illness lasting 1-2 weeks, most patients 

resolve the infection, but about one-third develop severe pulmonary complications 

leading to acute lung injury and acute respiratory distress syndrome (ARDS), resulting in 

intubation and prolonged hospitalization [20].   

During the acute phase of SARS, lung damage results in edema, bronchiolar 

sloughing of ciliated epithelial cells and the deposition of hyaline-rich deposits at alveolar 

membranes, resulting in reduced gas exchange.  During the next phase of infection 

(weeks 2-5), the lungs display signs of fibrosis, in which epithelial cells and alveolar 

spaces show fibrin deposition and infiltration of inflammatory cells and fibroblasts.  

During the final stage (weeks 6-8), pulmonary tissue becomes fibrotic with collagen 

deposits, and cellular proliferation occurs in alveoli and interstitial spaces [21–23].  
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Multiple autopsy studies showed that diffuse alveolar damage (DAD) with 

hyaline membrane formation and interstitial thickening were common features of SARS-

CoV infected lungs [24].  DAD occurs as a result of trauma and injury to alveolar and 

bronchiolar epithelial cells that causes terminal small airways to be obstructed with fluid 

and cellular debris, that can be visualized both by pathological examination and 

radiological analyses [25,26]. In patients lacking hyaline membrane formation, acute 

fibrinous pneumonia with organizing phase fibrin deposition was observed, resulting in 

reduced lung function.  Acute lung injury, squamous metaplasia, multinucleated giant 

cells, and extensive cellular proliferation were observed in all cases [27].  

Autopsies of SARS patients also demonstrated lung fibrosis in various stages of 

progression [22,28,26]. These observations are not unique to SARS, but common to 

many lung disorders (see below).  Importantly, clinical findings revealed that older SARS 

patients had an increased risk of fibrosis [29].  The extent of fibrosis correlated with the 

severity and duration of illness [26,28]. 

Follow-up of patients who have recovered from SARS-CoV infection. Several studies 

have been conducted on patients who have resolved acute SARS-CoV infections. Many 

studies have reported an increased incidence of fibrosis in patients, even after SARS-CoV 

has been cleared. In one study, 45% of patients exhibited a “ground-glass” appearance, an 

indication of fibrosis, by chest X-ray scores and high-resolution computerized 

tomography within one month after infection [30](Figure 1.1A). In a second study 

examining the intermediate recovery periods of 3 and 6 months post-infection, fibrotic 

features were observed in 36% and 30% of the patients respectively [31]. A one year 

follow-up study of 97 recovering SARS patients in Hong Kong revealed that 27.8% of 
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SARS survivors showed decreased lung function and increased lung fibrosis compared to 

a normal population [32]. Other follow-up studies have shown similar results [31,33,33]. 

The molecular pathways responsible for the development of SARS-CoV-induced fibrosis 

occurring in recovered patients are not well understood. This gap in knowledge limits the 

development of novel therapies targeting fibrosis or the repurposing of existing 

treatments that may be effective against SARS-CoV induced fibrosis.  

Animal models of SARS. Non-human primate and small animal models are available to 

recreate various clinical aspects of SARS [34]. Among non-human primate models, 

cynomolgus and rhesus macaques, African green monkeys and common marmosets can 

all produce different levels of the clinical symptoms seen in humans [34]. However, 

findings are often not consistent due to biological variability among animals.  

 Small animal models include ferrets, Syrian golden hamsters, and inbred mice. 

Ferrets and hamsters show virus replication in their lungs when infected intranasally with 

SARS-CoV. Hamsters exhibit lung pathology (interstitial pneumonitis, pulmonary 

consolidation and diffuse alveolar damage) but conflicting symptoms are reported in 

ferrets [34]. 

Mouse models to study SARS-CoV pathogenesis. A variety of mouse models for SARS-

CoV have been developed that range from mild to severe disease depending on the viral 

strain and mouse background used.  When the SARS-CoV (Urbani) strain is used to 

intranasally infect wild-type (WT) BALB/c, C57Bl/6, or 129/S strains of mice, viral 

replication occurs in the lungs without spread to other organs [35–37].  Infection 

promotes focal peribronchiolar and perivascular inflammation by 3 days post-infection.  

After 7 days post-infection, SARS-CoV (Urbani) is largely cleared from lungs with 
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minimal effects on weight loss or clinical symptoms of infection.  Lung pathology over 

this time period is minimal as well, outside of the denuded bronchi around day 2 post-

infection.  Minimally apparent peribronchiolar, perivascular or interstitial inflammation is 

noted in these infections.   

A SARS-CoV strain associated with significant weight loss, clinical disease and 

lung pathology was generated by blind passage of SARS-CoV (Urbani) in adult BALB/c 

mice.  A mouse-adapted strain of SARS-CoV (termed MA15, 15 passages before 100% 

mortality was produced) emerged which produced severe disease and death in young and 

old BALB/c mice [38,39].  This virus harbors six mutations in the genome: four in genes 

encoding replicases and two in genes encoding structural proteins.  In contrast to the 

SARS-CoV (Urbani) parental strain, the pulmonary pathology of mice infected with 

MA15 virus exhibits a rapid progression of inflammatory changes and more extensive 

damage to bronchiolar and alveolar epithelial cells.  Intracellular MA15 antigens were 

highly prevalent in bronchiolar epithelium and alveolar pneumocytes with necrotic debris 

observed within the alveoli and the bronchiole lumen of mice, without CNS involvement 

[39].   

Molecular Pathways involved in SARS-CoV Pathogenesis. The MA15 strain of SARS-

CoV has proved invaluable as a tool to understand host pathogen interactions in mouse 

models.  Several knockout strains of mice infected with MA15 have identified immune 

factors that are critical for protection from SARS-CoV pathogenesis.  To investigate the 

innate immune response to SARS-CoV, Myd88–/– mice were infected with MA15 which 

resulted in increased lung pathology and greater than 90% mortality by day 6 post-

infection. In addition, Myd88–/– mice had significantly higher SARS-CoV viral loads in 
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lung tissue throughout the course of infection demonstrating a critical role of MyD88-

dependent innate immune signaling for clearance of and protection from SARS-CoV 

[40].  In addition to MyD88, TLR3 signaling through the TRIF adapter protein has been 

shown to regulate SARS-CoV pathogenesis, demonstrating that deletion of either critical 

Toll-like receptor adaptor led to enhanced pathogenesis [41].  Recently, the use of a 

systems biology approach combining pathogenesis and transcription profiling identified 

the urokinase pathway as a key node in controlling lung damage and fibrin deposition 

during SARS-CoV infection [42].  In these experiments, Serpine 1, which regulates the 

deposition of fibrin after lung damage, was shown to exert regulatory control over lung 

pathogenesis in the MA15 mouse model of SARS-CoV.   

  In 2004, Hogan et al. showed that mice deficient in the interferon-activated 

transcription factor Signal Transducer and Activator of Transcription 1 (STAT1) were 

extremely susceptible to pathogenesis caused by SARS-CoV infection [43]. The authors 

attributed the findings to the role of STAT1 in interferon signaling. However, we have 

shown that the type I, II and III interferon pathways are largely dispensable for protection 

against SARS-CoV infection [44]. STAT1 knockout mice exhibited an increased 

propensity to develop fibrotic lesions compared to WT mice after SARS-CoV infection, 

and showed increased pathogenesis even after SARS-CoV was cleared from lungs [45] 

(Figure 1.1B). Transcriptome analysis of SARS-CoV-infected mouse lungs revealed that 

STAT1 knockout mice developed a TH2 bias in their immune response [46]. The TH2 

bias results in higher numbers of alternatively activated (M2) macrophages in the lung, 

which in turn stimulates an overactive wound healing environment resulting in 

pulmonary fibrosis [45]. Similar findings were observed in a bleomycin-induced fibrosis 
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model where Stat1–/– mice developed higher rates of fibrosis after bleomycin treatment 

[47].  

 In summary, the adverse pathogenic effects of SARS-CoV seen in human patients 

was modeled in STAT1-deficient mice where fibrosis was evident as an overproliferation 

of fibroblasts and enhanced inflammatory response to infection. The signaling pathways 

emanating upstream or downstream of STAT1, and the key cell types responsible for the 

host response to SARS-CoV in humans remain unknown. 

 

Current efforts to understand fibrosis induction by SARS-CoV.  

Analysis of lung biopsies from humans infected with SARS-CoV has identified 

markers of host response to infection [48]. Pro-inflammatory cytokines IL-6, TNF-α, IL-

18 and TGF-β were found to be highly upregulated in serum from SARS-CoV patients.  

TGF-β1 was also found to be upregulated in mouse models of SARS-CoV infection, 

similar to what was observed in other respiratory virus infections [49,50].  This finding is 

significant due to the well established profibrotic function of TGF-β1.  The release of 

TGF-β from injured tissue promotes lung repair which normally contributes to the 

resolution of infection; however, SARS-CoV infection often leads to the hyperactivation 

of the TGF-β pathway leading to the promotion of lung fibrosis.  In animal models of 

TGF-β regulation, transgenic mice over-expressing TGF-β exhibit severe pulmonary 

fibrosis in mice and rats [51].  The TGF-β pathways promote the production of fibrin, 

collagen and secreted proteases (matrix metalloproteinases).  TGF-β’s role in cellular 

proliferation is under investigation; however ,there is evidence that it is a key factor in the 

epithelial–mesenchymal transition (EMT) that occurs in repaired tissue.  The presence of 
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TGF-β in the lungs is required to promote lung fibroblasts to differentiate into 

myofibroblasts that are important in repairing lung tissue.  However, under high and 

sustained levels of TGF-β, the persistence of the repair process results in further damage. 

 

The Role of Epidermal Growth Factor Receptor Signaling in Fibrotic Disorders.  

In the 1950s, Drs. Stanley Cohen and Rita Levi-Montalcini noted that crude extracts 

from male mouse salivary glands injected into neonatal mice resulted in premature eye 

opening [52]. Using precocious eye opening in neonatal mice as an assay, they 

discovered Epidermal Growth Factor (EGF) as the key active component in the organ 

lysate. Subsequently, Stanley Cohen also identified the receptor for EGF (termed EGF 

Receptor – EGFR), which was also the first receptor tyrosine kinase to be identified [53]. 

Drs. Cohen and Levi-Montalcini were jointly awarded the Nobel Prize in Medicine in 

1986 for the discovery of growth factors and their receptors, including EGF and EGFR. 

Since then, three additional members of the EGFR family have been identified and 

characterized [54]. 

EGFR (also known as ErbB1 or human epidermal growth factor receptor 1 [HER1] in 

humans) is the prototypical member of a family of receptor tyrosine kinases. There are 

four known members in this family, collectively known as the ErbB receptors, the other 

three being HER2 (ErbB2/NEU), HER3 (ErbB3) and HER4 (ErbB4) [55]. There are 

seven canonical ligands known to bind EGFR (HER1) – epidermal growth factor (EGF), 

Heparin binding epidermal growth factor (HB-EGF), transforming growth factor alpha 

(TGF-α), Betacellulin (BTC), Epiregulin (EREG), Amphiregulin (AREG or AR) and 

epithelial mitogen or epigen (EPGN) (Figure 1.2). They are all produced as inactive 
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membrane anchored pro-ligand forms. They all contain an EGF domain that is cleaved 

from the pro-ligand and released as a soluble ligand [56]. The protease a disintegrin and 

metalloproteinase 17 (ADAM17) and other metalloproteases have been implicated in the 

cleavage of the pro-ligand [56–60]. Ligand binding to an extracellular domain triggers 

conformational changes resulting in the dimerization of the receptors. The ErbB receptors 

all possess an intrinsic tyrosine kinase activity and are capable of autophosphorylation. 

Specific tyrosine residues in the cytoplasmic tail are phosphorylated resulting in the 

activation of the mitogen activated protein kinases (MAPK), AKT and c-Jun N-terminal 

kinases (JNK) pathways [61,62].  

Activation of EGFR signaling has a broad range of outcomes, such as the inhibition 

of apoptosis, proliferation, migration, inflammation and mucus production [62]. EGFR is 

expressed in tissues derived from epithelial, mesenchymal and neuronal origin [63].  

EGFR signaling is especially important in tissues undergoing extensive turnover of cells 

such as in the epithelial layers of the skin, lungs and gut. EGFR activation in skin 

keratinocytes controls cell proliferation, migration and cell survival required for wound 

healing. In the lungs and gut, EGFR signaling regulates cell survival and mucus 

production. 

 

The non-canonical functions of EGFR.  

Ligand binding to EGFR initiates several distinct signaling cascades that activate at 

different rates. The coordinated activity of these downstream pathways determines the 

timing of a range of events controlled by EGFR signaling. However, there are also non-

canonical functions reported for EGFR [64]. It has been known for twenty years that 
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EGFR can be detected in the nucleus of cancer cells. The phenomenon of membrane 

receptors in the nucleus (MRIN) has been described for 11 out of 20 RTK classes and is 

not unique to the EGFR family. In the nucleus, EGFR functions as a transcriptional co-

factor and also interacts with DNA replication and repair pathway proteins influencing a 

variety of cellular functions [64]. Understanding these functions of EGFR could 

potentially inform cancer therapies. 

The role of EGFR has been well studied in the context of cancer. Small molecule 

tyrosine kinase inhibitors (TKIs) such as Gefitinib and Afatinib as well as monoclonal 

antibody based treatments like Cetuximab have been developed to inhibit the activity of 

EGFR. They are well tolerated and effective in the treatment of cancer. However, since 

EGFR signaling also affects wound healing and repair in normal tissue, it has also been 

associated with fibrotic disease in various organs. There are few systematic studies on 

this topic. This Chapter will summarize what is known about EGFR signaling in the 

development of fibrotic disease with a special emphasis on virus-induced fibrosis. 

 

EGFR Signaling and the Induction of Fibrosis  

The role of EGFR signaling in the development of fibrosis is complex. A survey 

of published literature indicates evidence for both a pro-fibrotic and anti-fibrotic role for 

EGFR signaling. On the anti-fibrotic side, cancer patients treated with TKIs show an 

increased incidence of interstitial lung disease (ILD) [65]. Similar association with ILD 

were also seen in patients treated with an anti-EGFR monoclonal antibody Panitumumab 

[66,67]. Gefitinib exacerbated pulmonary fibrosis induced by bleomycin in mice [68]. 
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These data suggest that inhibiting EGFR signaling increases the risk of pulmonary 

fibrosis. 

Data for pro-fibrotic effects of EGFR are primarily from animal studies. TGF-β1 

is a known inducer of fibrosis and studies indicate that it potently induces the expression 

of the EGFR ligand AR. Silencing AR by RNAi or using EGFR specific small molecule 

inhibitors such as AG1478 or Gefitinib, attenuated the fibrogenic effects of TGF-β1 [69], 

contrasting with the bleomycin model of injury where Gefitinib exacerbated fibrosis [68]. 

Mice overexpressing the EGFR ligand TGF-α spontaneously develop lung fibrosis 

[70,71]. Similar effects for other EGFR ligands are discussed in more detail in the section 

below. These studies support the notion that EGFR signaling is involved in the onset of 

fibrosis. 

How can we reconcile this seemingly conflicting data? One possibility is that 

EGFR signaling plays species-specific roles and may respond uniquely to different 

fibrotic triggers. Alternatively, fibrosis may be a result of dysregulation in the kinetics of 

EGFR signaling rather than simply the strength of the signal at a given time point. 

Deposition of fibrotic material is a normal component of the wound healing response, but 

it is unresolved wound healing that results in fibrotic disease [72,73]. We hypothesize 

that a defect in either the upregulation of EGFR signaling, which is required for the 

initiation of normal wound healing, or the proper downregulation of EGFR signaling, 

which is required for the resolution of the wound healing process, could result in fibrotic 

disease. 
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Animal Models Available to Study EGFR and Fibrosis.  

The role of EGFR in fibrosis progression has been investigated using in vivo 

models, primarily mice.  Mice lacking EGFR/HER1 die in utero [74]. Models of EGFR 

transgenic mice with overactive EGFR mutations found in human cancers demonstrate 

the rapid development of lung tumors dependent on EGFR signaling [75]. Mice 

containing EGFR mutations that lead to constitutive activation (DSK5 mice) exhibit a 

skin related phenotype characterized by wavy hair, thick epidermis and darkened 

pigmentation [76]. Mice deficient in TGF-α, that lack EGFR signaling, are protected 

from chronic lung disease in models of lung damage [77]. Finally, in mouse models of 

bleomycin-induced fibrosis, the TKI Gefitinib can mitigate the onset of fibrosis [78]. 

Based on these models, it has been demonstrated that EGFR activation is a key pathway 

in the induction of damage-induced pulmonary fibrosis.   

In models of hepatic fibrosis, the EGFR pathway also plays a key role.  In rat and 

mouse models of hepatocellular carcinoma, the EGFR inhibitor Erlotinib reversed 

fibrotic lesions and diminished tumor progression [79]. In kidney fibrosis models, EGFR 

is linked to TGF-β induction which drives the fibrotic induction and pathology [80].  In 

both of these models, the induction of EGFR is linked to cell proliferation after damage.  

 

Scope of dissertation.  

After the original SARS-CoV outbreak in 2003-2004, the development of suitable 

animal models became critically important for investigating pathogenesis of the novel 

virus. SARS-CoV (Urbani strain) was found to infect and replicate in WT mice but did 

not produce any visible clinical symptoms. In 2004, STAT1 knockout mice were found to 
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be much more susceptible to the WT SARS-CoV (Urbani strain) [43]. It was assumed 

that these mice exhibited increased susceptibility because they were defective in 

interferon signaling [81]. However, subsequent work by Frieman et al. using the mouse 

adapted MA15 SARS-CoV strain showed that interferon signaling was dispensable for 

the increased pathology observed in the STAT1 knockout mice indicating an alternative 

role for STAT1 [82]. Transcriptomics studies from our group and evidence from the 

literature indicated a role for EGFR signaling in the development of lung pathology. This 

dissertation will summarize our work on how EGFR signaling influences the 

development of fibrosis in SARS-CoV infections. 

 Our work has produced four major findings: 

1. Overactive EGFR signaling induces the major hallmarks of fibrosis (fibrotic gene 

expression, inflammation and histological attributes). 

2. The EGFR ligands Amphiregulin (major contribution) and HB-EGF (minor 

contribution) play a role in regulating wound healing in the lungs. 

3. Overactive EGFR signaling in combination with advanced age produces a more 

severe lung pathology in mice. This could provide a potential mechanism to 

explain why only a subset of the SARS-CoV-infected population developed 

fibrosis. 

4. Interrupting the EGFR signaling pathway too early, or allowing it to remain active 

later than necessary disrupts wound healing and could lead to fibrosis, suggesting 

a precise regulation of EGFR signaling is essential to prevent fibrosis. 
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Figure 1.1. SARS Pathology in humans and mice.  

 
 
 

	
	
Figure 1.1. SARS Pathology in humans and mice. A. Transverse thin-section CT scan in 36-year-
old man at follow-up (obtained at day 43 after admission, 26 days since discharge) shows evidence of 
fibrosis. Large areas of ground-glass opacification are still present, both surrounding the areas of 
fibrosis and in other regions. (Reproduced with permission from Antonio et al, Radiology 
2003;228:810-815) B. H&E stained lungs from either PBS or SARS-CoV (MA15) inoculated WT 
129S1 or 129S1/Stat1–/– mice at 9 days post-infection.  Note the resolution of lung damage and 
inflammation in the infected 129/Sv mice while 129/Stat1–/–  mice display extensive inflammation, 
fibrotic debris surrounding airways and occlusion of alveolar space with proteinaceous fluid and 
mixed inflammatory infiltrates. 
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Figure 1.2. An overview of the EGFR and its ligands. 

 
 
 
 

	
	
Figure 1.2. An overview of the EGFR and its ligands. The seven canonical ligands of EGFR 
are in a membrane bound inactive form. The ADAM family of proteases are activated in 
response to tissue injury and cleave the pro-ligands to release the EGF module containing 
soluble ligand. The ligand binds to the receptor causing it to dimerize and autophosphorylate its 
C-terminal tail at specific tyrosine residues. The phosphorylated active form aggregates several 
adaptor proteins leading to the activation of multiple signaling cascades. A range of different 
outcomes are produced by the activation of these pathways some of which are listed in the 
schematic above. 
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Chapter 2: STAT1 negatively regulates EGFR signaling function at the resolution of 

wound healing. 

 

Abstract: 

STAT1 knockout mice exhibit a predisposition to developing pulmonary fibrosis after 

lung injury caused by a respiratory virus such as SARS-CoV or a chemical agent (e.g. 

bleomycin). This fibrotic phenotype is not observed in mice lacking type I/II and III 

interferon activity, indicating an interferon independent role for STAT1 [82]. The 

mechanism of how STAT1 regulates the wound healing response and prevents the 

development of fibrosis is not currently known. In this chapter, we provide evidence that 

STAT1 knockout mice overexpress EGFR and display signs of sustained EGFR signaling 

resulting in dysregulated wound healing and fibrosis. STAT1 knockout mice also show 

an upregulation of genes known to be involved in wound healing and fibrosis, which are 

controlled by EGFR signaling. 

 

Introduction 

In 2005, a study by Walters et al. demonstrated that mice deficient for STAT1 

exhibited an increased susceptibility for pulmonary fibrosis in a bleomycin fibrosis model 

[47]. Histological scoring of lungs after bleomycin treatment revealed that STAT1-

deficient mice scored worse than WT mice. The authors also showed that proliferative 

responses of lung fibroblasts to EGF and PDGF were increased in the absence of STAT1, 

indicating a potential negative regulatory function for STAT1 in EGFR signaling. 

Additionally, although the kinetics of activation of the EGFR signaling pathway was not 
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altered, the levels of activated STAT3 were elevated in STAT1 knockout mice 

implicating a role for phospho-STAT3 in the induction of fibrosis in this model. So how 

do EGFR and the STAT proteins interact with each other? 

 

STAT proteins interact with phospho-EGFR through their SH2 domain. 

 EGFR is a receptor tyrosine kinase and harbors several tyrosine residues on its 

cytoplasmic tail, which can be phosphorylated. STAT1 and STAT3 are amongst a host of 

adaptor molecules that bind to EGFR. STAT1 and STAT3 have been shown to directly 

bind to EGFR through their SH2 domains to the phospho-tyrosines on EGFR’s 

cytoplasmic tail [83,84]. In turn, EGFR phosphorylates STAT1 and STAT3, with 

contributions from JAK1 and JAK2, to activate transcriptional function [85]. The 

individual downstream contributions of STAT1 and STAT3 have not been defined but 

STAT1 is thought to exert an anti-proliferative [86] and pro-migratory [85] effect on 

EGFR signaling, whereas STAT3 activation is thought to promote proliferation [87] 

(Figure 2.1). 

 

EGFR expression levels are higher in STAT1 KO mice and cell lines deficient in 

STAT1. 

 To ascertain how EGFR levels are affected in STAT1 knockout mice, we 

examined protein expression in the liver. WT mice had barely detectable basal levels of 

EGFR but STAT1 KO mice exhibited highly increased expression of EGFR in the liver 

(Figure 2.2A). In NIH3T3 mouse fibroblasts that constitutively overexpressed human 

EGFR (HER1), an siRNA knockdown of STAT1 increased basal EGFR levels (Figure 
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2.2B and 2.2C). Since EGFR transcription in these cells are not controlled by a native 

EGFR receptor, it’s likely that STAT1 plays a role in basal turnover of EGFR protein 

from the receptor. However, further studies are required to substantiate this idea. Similar 

to these findings, elevated levels of EGFR protein were detected in cultured lung 

fibroblasts from STAT1 KO mice (Figure 2.3A and B). However, mRNA levels in the 

mouse lungs were comparable in uninfected WT and STAT1 KO mice (Figure 2.3C). 

 

Transcriptomics analysis of STAT1-deficient lungs indicates dysregulation of 

wound healing and fibrosis. 

 A previous study demonstrated that STAT1-deficient mice on a 129SvJ 

background have defects in SARS-CoV clearance and developed a Th2 bias in their 

immune response when infected at a dose of 105 pfu per mouse [88]. However, 

subsequent work from our lab indicated that STAT1-deficient mice on a C57Bl/6 

background have a slightly different phenotype whereby virus clearance from the lungs 

was unaffected but mice continued to lose body weight accompanied by pre-fibrotic 

lesions in their lungs, similar to the 129S1/STAT1 knockout mice [45]. The disease was 

attributed to excessive levels of alternatively activated macrophages (AAMs or M2 

macrophages) caused by a Th2 biased immune response. M2 macrophages coordinate 

wound healing and repair and overactivation of this macrophage sub-type can result in 

fibrosis. Indeed, mice lacking STAT1 and STAT6 in the myeloid lineage are impaired in 

the production of M2 macrophages and elude the SARS-CoV induced fibrotic phenotype. 

However, the key signaling pathways involved in the activation of wound healing were 
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unknown, and elucidation of these events may identify proteins amenable to targeting 

with small molecule inhibitors. 

 Panels of wound healing and fibrosis related genes were compiled from the 

literature. The panel of fibrosis-related genes were selected from the ‘Hepatic fibrosis’ 

IPA canonical pathway. These genes included inflammation related genes Ccl2, Cxcl3, 

Ifng, Il1a, Il1b, Il6, Nfkb2, and Tnf) as well as genes involved in tissue remodeling such 

as Igf1, Igfbp4, Igfbp3, Timp1, Timp2, Mmp9, Mmp13, Fn1, and Col3a1 [88]. Wound 

healing [89,90] and fibrotic pathways [71,77–79,91–94] are regulated by EGFR 

signaling. During virus infection, a large number of genes associated with the wound 

healing response (eg. CCL11, CCL3, CXCL1, IL6, IFNγ) are upregulated in both WT and 

Stat1–/– lungs at day 2 post-infection (Figure 2.4A, Table 2.1). In WT mice, gene 

expression levels of most of these genes return to baseline by day 9 post-infection. 

However, in SARS-CoV infected Stat1–/– mice, most wound healing-associated genes 

remain at elevated levels through 9 days post-infection (Figure 2.4A).  A similar trend is 

observed in Stat1–/– mice for genes associated with pulmonary fibrosis (Figure 2.4B, 

Table 2.2).  We performed qRT-PCR for three selected fibrosis related genes (Ccl2, 

Col3a1 and Timp1) to validate our microarray results (Figure 2.5). These data suggest 

that a dysregulation of the wound healing and fibrosis pathways in these mice may lead 

to the enhanced pathology that was previously noted. Taken together, our data also imply 

that EGFR signaling is dysregulated in Stat1–/– mice and is the cause of fibrosis in these 

mice. We hypothesized that an overactive EGFR signaling pathway was the underlying 

cause of fibrosis occurring in the lungs of Stat1–/– mice infected with SARS-CoV. 

Subsequent studies were performed to directly test this hypothesis. 
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Discussion 

SARS-CoV is a recently emerged viral pathogen that causes severe respiratory infection 

leading to death in ~10% of infected individuals, disproportionately affecting the elderly 

[95]. Long-term follow up studies have shown that many survivors of severe SARS-CoV 

infection exhibit signs of fibrosis in their lungs [29,96,97], again disproportionately 

affecting older patients. The molecular pathways that are involved in the development of 

fibrosis are not well understood, thereby making it challenging to identify novel targets 

for therapy. In this chapter, we have provided evidence that an overactive EGFR pathway 

was responsible for the induction of PF-like disease observed in Stat1–/– mice. 

Infection with SARS-CoV in mice and humans causes severe damage to epithelial 

cells lining the airways.  This damage is repaired by a complex wound healing process 

involving several different cell types. A dysregulation of the wound healing process 

results in fibrosis [98]. We previously demonstrated that in Stat1–/– mice infected with a 

mouse adapted strain of SARS-CoV, termed SARS-CoV (MA15), there was increased 

lung damage and induction of fibrotic lesions [45,82]. Stat1–/– mice are also more 

susceptible to fibrosis induction by bleomycin administration [47], making this a suitable 

model to study the development of fibrosis. Subsequent analysis of the transcriptome of 

lungs from SARS-CoV (MA15)-infected Stat1–/– mice identified the upregulation of 

genes involved in wound healing.   The major node at the nexus of this pathway is EGFR 

which controls many downstream cascades that lead to cell proliferation, mucus 

secretion, inflammation, and tissue repair. Our data suggest that EGFR signaling remains 

active in Stat1–/– mice after SARS-CoV virus clearance, ultimately resulting in fibrosis.  
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Methods 

siRNA knockdown of genes. NIH3T3(7d)-HER1 cells were seeded at a density of 

75,000 cells per well of a 12-well plate and allowed to adhere overnight. siRNA for 

STAT1 (Dharmacon/GE Healthcare; Cat No. L-058881-00-0005) or a non-targeting 

control (Cat No. D-001810-10-50) were transfected using the Lipofectamine® 

RNAiMAX Transfection Reagent (ThermoFisher, NY; Cat No. 13778150) according to 

manufacturer’s instructions. 48 hours post-transfection, cells were harvested for gel 

electrophoresis by lysing the cells directly in 1X Laemmli sample buffer or for RNA 

extraction in Trizol (ThermoFisher, NY; Cat No. 15596026).  

 

Mouse breeding. 129S1/SvImJ (WT mice) and C57Bl/6 mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). Stat1–/– mice were a gift from Dr. David Levy 

(New York University [NYU]) and EGFR(DSK5) mice [76] were a gift from Dr. David 

Threadgill (Texas A&M University). Mice were bred and housed in the animal facilities 

at the University of Maryland, Baltimore, MD (UMB). Since the EGFR(DSK5) mutation 

is a dominant mutation, EGFR(DSK5) heterozygotic males were bred with WT 129S1 

females.  

 

In vivo mouse infections. All SARS-CoV infections of mice were performed in an 

animal biosafety level 3 (ABSL3) facility at the UMB, MD, using appropriate practices 

as described previously [45]. Mice were euthanized at various time points and lung tissue 

was harvested for further analysis. 
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Isolation of mouse lung fibroblasts. Mouse lung fibroblasts were isolated with some 

modifications to the procedure described by Seluanov et al. [99]. In brief, mouse lungs 

were dissected and rinsed in PBS to remove as much blood as possible. Lungs were 

processed using a lung dissociation kit (Miltenyi Biotech, San Diego, CA; Cat No. 130-

095-927) as per manufacturer’s instructions. After the second disruption step using the 

GentleMACS dissociator, all the cells along with any unprocessed chunks of lung tissue 

were washed once in sterile PBS. After this wash, cells were resuspended in DMEM/F12 

(50/50) media with 15% FBS, 1X antibiotic/antimycotic and plated on a T175 flask. The 

flask was monitored daily to examine fibroblasts adhering to the surface. After 3-4 days, 

the medium with unadhered cells was centrifuged and cells resuspended in fresh medium 

and transferred to a new flask to obtain additional fibroblasts. Any adhered fibroblasts in 

the first flask were allowed to grow for ~10-14 days and pooled with fibroblasts obtained 

from the second flask. When the cells attained confluence, they were frozen in freezing 

medium (DMEM/F12 medium with 50% FBS, antibiotics and 10% DMSO) for long-term 

storage in liquid nitrogen. 

 

cDNA synthesis and real-time PCR: RNA was quantitated when possible and ~100-500 

ng of RNA was used per reaction. If RNA extraction was performed in BSL3 conditions, 

quantitation was not possible and 5 µl of RNA was used per cDNA synthesis reaction. 

cDNA synthesis was performed using the RevertAid kit (ThermoFisher, NY). 

Manufacturer’s instructions were followed with a total reaction volume of 20 µl per 

sample. After cDNA synthesis, the volume of the reaction was adjusted to 100 µl with 
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ultrapure water and further diluted 10-fold for PCR using Taqman gene expression assay 

primers (ABI/ThermoFisher, NY). 18s rRNA levels were used to normalize RNA levels 

for real-time PCR. 

 

Microarray analysis. RNA extraction and cDNA synthesis were performed in BSL3 

conditions. RNA was extracted by the TRIZOL method and RNeasy Mini Kit (Qiagen; 

Cat No. 74104). First strand cDNA synthesis was performed using the WT Expression 

Kit (Ambion/ThermoFisher; Cat No. 4411974). For RNA extraction and cDNA 

synthesis, instructions included with the kit were followed without modification. Array 

hybridization and data acquisition were performed at UMB’s microarray core facility on 

the GeneChip® Mouse Gene 2.0 ST Array. Analysis of the Affymetrix Mouse Gene 2.0 

ST microarrays was performed using Microsoft Excel and R [100]. Data was loaded and 

normalized via the RMA method [101,102] using the Affy software package [103]. 

Datasets from three replicates per condition were generated from EGFR(DSK5) lungs – 

PBS and SARS-CoV (MA15) infected for 2 days and 9 days post-infection and 

corresponding littermate WT controls. Heatmaps of selected gene lists were generated 

using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA). 

 

Western blots. Protein samples were prepared in 1X lysis buffer (50mM Tris/HCl [pH 

7.4], 1% Triton-X 100, 150mM NaCl, 2mM EDTA, 1% NP-40) containing protease and 

phosphatase inhibitors. For lung lysates from SARS-CoV (MA15)-infected mice, after 

mixture with the above lysis buffer, a secondary lysis was performed using a SDS 

containing lysis buffer (final: 20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40, 0.5% 
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Sodium Dodecyl Sulphate (SDS) and 5 mM EDTA). Protein amounts were estimated by 

Bradford assay (Sigma, St. Louis, MO; Cat No. B6916) to normalize amounts before 

loading. Samples were resolved by SDS-PAGE on 4-20% gradient TGX gels (Bio-Rad, 

Hercules, CA; Cat No. 456-1093 or 456-1096) and transferred to Polyvinylidene fluoride 

(PVDF) membranes (EMD Millipore, Billerica, MA; Cat No. IPFL00010) by the wet 

transfer method (BioRad/ThermoFisher, NY; XCell SureLock™ Mini-Cell Transfer 

System). Transferred membranes were blocked in 5% milk and probed with primary and 

HRP-conjugated secondary antibodies as per manufacturer’s recommendations. Blots 

were developed using ECL Prime western blotting reagent (Sigma, St. Louis, MO; Cat 

No. GERPN 2232) as per manufacturer’s instructions. Image acquisition was performed 

using a ChemiDoc (Bio-Rad, Hercules, CA). Image analysis and quantitation was 

performed using the ImageLab software (Bio-Rad, Hercules, CA). Densitometry values 

were obtained from bands of images that were not overexposed using volume tools. 

Background was adjusted for each band locally. Values were normalized against a house 

keeping protein (β-tubulin) and relative expression values were calculated using one 

control condition (PBS treated or untreated) as a reference point. 
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Figure 2.1. EGFR and STAT1/STAT3 interactions.  

 

 
 
 
 
 

	

	
Figure 2.1. EGFR and STAT1/STAT3 interactions. Both STAT1 and STAT3 are directly 
activated by ligand binding to EGFR. The activation of STAT1 is thought to have an anti-
proliferative effect and supports cell migration once EGFR is activated and STAT3 activation 
results in a pro-proliferative response. 
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Figure 2.2. EGFR is overexpressed in STAT1-deficient cells.   

	

	
Figure 2.2. EGFR is overexpressed in STAT1-deficient cells. A. Protein lysates were 
prepared from the liver of WT and Stat1–/– mice. Western blot analysis was performed and 
blots were probed using anti-EGFR and anti-tubulin antibodies. B. Protein lysates were 
prepared from NIH3T3(7d) cells constitutively expressing human EGFR (HER1) and 
transfected with either control siRNA (siScr) or STAT1 targeting siRNA (siSTAT1). 72 
hours after siRNA treatment, cells were lysed and protein extracts were prepared. Western 
blot analysis was performed and blots were probed using anti-EGFR and anti-tubulin 
antibodies. C. RNA was extracted from NIH3T3(7d)-HER1 cells treated with siRNA as in 
panel B. qRT-PCR was performed on the RNA to detect levels of STAT1 to confirm 
knockdown. 
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Figure 2.3. EGFR is overexpressed in STAT1-deficient Fibroblasts.   

	

Figure 2.3. EGFR is overexpressed in STAT1-deficient Fibroblasts. A. Western blot 
analysis of protein lysates prepared from WT and Stat1–/– fibroblasts treated or untreated with 
EGFR ligands for 10 minutes. Blots were probed with an anti-EGFR, anti-phopho-ERK1/2 
and anti-total-ERK1/2 antibody. B. Relative quantitation of band intensities of EGFR from 
panel A. Values were all normalized to values from untreated WT fibroblasts. C. RNA was 
extracted from SARS-CoV infected lungs from WT and Stat1–/– mice. Relative EGFR 
transcript levels were measured by qRT-PCR using EGFR specific Taqman primers. Values 
were all normalized to the average value of the WT/PBS expression levels.	
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Figure 2.4. Wound Healing and Fibrosis Genes in Stat1–/– mice are upregulated at 

day 9 post-infection. 

  

Figure 2.4. Wound Healing and Fibrosis Genes in Stat1–/– mice are upregulated at day 9 
post-infection. A. Microarray analysis of wound healing genes and B. Fibrosis genes expressed 
as a heatmap showing relative expression levels of transcripts from SARS-CoV-infected WT and 
Stat1–/– mouse lungs normalized to levels from PBS inoculated WT mice.	
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Figure 2.5. Fibrosis Genes in Stat1–/– mice are upregulated at day 9 post infection.   

	
Figure 2.5. Fibrosis Genes in Stat1–/– mice are upregulated at day 9 post infection. qRT-
PCR analysis of gene expression using RNA extracted from WT and Stat1–/– mice infected with 
SARS-CoV. Expression levels were normalized to average values from PBS inoculated WT mice. 
Graphs show gene expression of A. Ccl2, B. Col3A1 and C. Timp1 as relative levels. 
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Table 2.1. Wound healing gene expression in Stat1–/– mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.1. Wound healing gene expression in Stat1–/– mice. Gene expression values 

used to create the heatmaps in Figure 2.4A.  

Gene Symbol WT:D2 WT:D9 STAT1:D2 STAT1:D9 
Muc1 1.29986 1.04614 -1.51015 -2.55651 
Serpinf2 1.01115 -1.63573 -1.38256 -2.18101 
Ppara 1.00125 -1.08087 -1.29986 -2.19736 
Pdgfd 1.06518 -1.06871 1.1381 -2.70099 
Vegfa 1.23618 -1.21831 1.04422 -2.43374 
Ccr7 1.08586 1.18972 1.16655 1.04476 
Irf1 4.04691 1.52281 1.26393 -1.01238 
Muc5b 1.3183 1.6797 2.70855 4.56796 
Muc5ac 1.35509 1.21457 1.17111 5.33632 
Egr1 1.60686 -1.04595 2.45153 2.09479 
Egr2 1.92212 1.19719 1.93977 3.80375 
Mmp9 1.37307 -2.14111 3.74189 11.27213 
Gbp2 12.69319 2.0167 1.93066 1.3219 
Ccl11 3.92026 1.05249 22.86222 5.56046 
Ccl3 7.76705 1.87718 8.31221 20.41055 
Socs3 4.46954 1.50706 7.46821 6.87737 
Ccr2 2.24554 2.15301 2.75011 3.85156 
Ccr5 4.60715 4.08151 4.72431 8.34201 
Tnf 13.19841 2.92891 5.64845 16.35162 
Cxcl1 10.83663 1.41553 25.88305 78.11474 
Il6 100 1.92978 100 100 
Ccl2 94.86786 5.16725 75.92502 98.44142 
Ifng 29.23737 9.98188 37.89887 100 
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Table 2.2. Fibrosis gene expression in Stat1–/– mice. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 2.2. Fibrosis gene expression in Stat1–/– mice. Gene expression values used to 

create the heatmaps in Figure 2.4B. 

 
 
 
 
 
 

Gene Symbol WT:D2 WT:D9 STAT1:D2 STAT1:D9 
Icam1 1.69378 1.1068 1.47573 -1.00647 
Il1a 3.10717 1.05043 2.35623 5.0465 
Lbp 1.9229 1.53939 2.04328 2.43989 
Tnfrsf1b 1.55513 1.53192 1.94174 4.41983 
Csf1 2.91465 1.25105 2.24403 4.06079 
Nfkb2 1.86125 1.40111 1.79161 3.39869 
Pgf 1.21993 1.11856 1.33818 4.45127 
Igf1 1.36038 1.19207 2.30448 5.70829 
Cd14 1.96933 1.13208 5.9869 15.69982 
Vcam1 2.59025 1.29817 1.87524 1.98274 
Il10ra 2.75582 1.74685 1.45605 3.15495 
Fn1 1.51984 1.64266 1.75948 4.56116 
Il1b 4.1476 -1.09942 10.4967 12.77579 
Mmp13 4.82245 1.46204 3.69105 14.36081 
Tnf 13.19841 2.92891 5.64845 16.35162 
Ccl5 7.0727 7.4746 1.14224 3.57468 
Ccr5 4.60715 4.08151 4.72431 8.34201 
Il1r2 6.41685 1.37701 21.24623 93.87097 
Cxcl3 3.16254 1.08293 39.21717 93.56942 
Col3a1 1.22402 1.06237 1.63512 5.99945 
Timp1 8.65571 -1.12833 37.49491 89.14169 
Ccl2 94.86786 5.16725 75.92502 98.44142 
Il6 100 1.92978 100 100 
Ifng 29.23737 9.98188 37.89887 100 
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Chapter 3: Overactive EGFR signaling results in fibrosis. 

Abstract: 

After infection with SARS-CoV, the acute lung injury caused by the virus must be 

repaired to regain lung function. A dysregulation in this wound healing process leads to 

fibrosis. Many survivors of SARS-CoV infection develop pulmonary fibrosis (PF) with 

higher prevalence in older patients. Using mouse models of SARS-CoV pathogenesis, we 

have identified the wound repair pathway, controlled by EGFR is critical to recovery 

from SARS-CoV induced tissue damage.  In mice with constitutively active EGFR, 

[EGFR(DSK5) mice], we find that SARS-CoV infection causes enhanced lung disease. 

Increased proliferation of fibroblasts are seen in close proximity to the airways in the 

EGFR(DSK5) mouse lungs 9 days after infection with SARS-CoV. Increased mortality 

was seen in older EGFR(DSK5) mice and a sub-lethal dose of virus in older 

EGFR(DSK5) mice resulted in increased lung pathology.  Our data demonstrate a key 

role of EGFR in the host response to SARS-CoV and how it may be implicated in lung 

disease induced by other highly pathogenic respiratory viruses. 

 

Introduction 

EGFR signaling coordinates a number of different activities of the cell. One of these 

functions is the coordination of the wound healing process. Injury to any tissue in the 

body activates a number of homeostasis regulating mechanisms that senses an alteration 

to tissue architecture. This in turn initiates wound-healing pathways to repair the injury 

and return normal tissue architecture to the tissue. EGFR signaling represents one such 



	 35	

regulatory system. Any dysregulation of this pathway can result in an over-exaggerated 

or incorrectly executed wound healing response that will cause fibrosis. 

 

The EGFR(DSK5) mouse model. 

 As part of the German Human Genome Project, a large-scale ENU mutagenesis 

screen was performed to generate 430 mutant mouse lines using clinically relevant 

phenotypic parameters [104]. A significant percentage of mouse lines displayed easily 

identifiable skin phenotypes. The EGFR(DSK5) mouse strain was one of 10 lines 

described with abnormal pigmentation in the skin and hair termed the ‘dark skin’ (Dsk) 

phenotype (Figure 3.1). The mutagenesis screen also produced mice with hypomorphic 

EGFR mutations, resulting in skin and fur abnormalities termed the ‘waved’ phenotype 

based on coat morphology [105]. The reason why a hypermorphic allele (DSK5) and 

hypomorphic alleles (Wa2, Wa5) both lead to a similar phenotype in the skin is not fully 

understood. To study the role of EGFR signaling in wound healing responses in the lung, 

we selected the EGFR (DSK5) mice based on the hypothesis that an overactive EGFR 

signaling would result in increased pulmonary fibrosis after a SARS-CoV infection [106]. 

 

EGFR expression in EGFR (DSK5) mice. 

The EGFR encoded by the DSK5 allele carries a point mutation in the kinase domain 

resulting in a constitutively active EGFR. We characterized the mRNA levels of Egfr in 

the lungs of WT and EGFR(DSK5) mice with and without SARS-CoV infection and 

found that gene expression of Egfr remained relatively unchanged in both WT and 

EGFR(DSK5) mice during a SARS-CoV (MA15) infection (Figure 3.2A). Once EGFR is 
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activated it is internalized and undergoes lysosomal degradation [76,107–110]. This 

recycling is continuous in EGFR(DSK5) mice, thereby reducing total EGFR(DSK5) 

levels in cells. In agreement with previously published work, we also observe decreased 

levels of EGFR(DSK5) in the livers of 10-12 week old EGFR(DSK5) mice (Figure 

3.2B). We were unable to detect EGFR in the lungs of any mice due to technical 

difficulties relating to how mouse lungs were processed in BSL3 conditions.  To 

circumvent this technical issue, we isolated fibroblasts from lungs of WT and 

EGFR(DSK5) mice and examined EGFR protein levels by western blot in the presence 

and absence of EGFR ligands (Figure 3.2C, 3.2D). Fibroblasts isolated from 

EGFR(DSK5) mice had lower levels of EGFR compared to WT fibroblasts (Figure 3.2C, 

upper panel). Addition of EGFR ligands (a combination of HB-EGF and AREG) resulted 

in a further reduction of EGFR in EGFR(DSK5) fibroblasts whereas WT fibroblasts 

maintained EGFR levels. An increase in phospho-ERK1/2 levels occurred after ligand 

addition, demonstrating that the EGFR pathway was activated in both WT and 

EGFR(DSK5) fibroblasts (Figure 3.2C, middle and lower panels).  This data suggests 

that EGFR is constitutively active and is detected at lower levels in the liver and the lungs 

of EGFR(DSK5) mice. 

 

SARS-CoV infection of EGFR(DSK5) mice leads to enhanced lung damage. 

To determine if an overactive EGFR signaling pathway could lead to increased 

pathogenesis of SARS-CoV, we infected 10-12 week old WT and EGFR(DSK5) mice 

intranasally with SARS-CoV(MA15) or PBS and monitored them for 9 days. Mice were 

weighed daily and groups were euthanized for analysis at days 2, 5 and 9 post-infection.  
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Mice that received PBS showed minimal weight loss during the experiment (Figure 

3.3A).  WT 129S1 and EGFR(DSK5) mice infected with MA15 lost ~15% of their body 

weight through 4 days post-infection and then recovered to their starting weight by 9 days 

post-infection (Figure 3.3A). Other than weight loss, there were no obvious clinical 

presentations of disease in either mouse strain.  Lungs were harvested at days 2, 5 and 9 

post-infection for analysis of viral titers.  WT and EGFR(DSK5) mouse lungs had similar 

virus titers at days 2 and 5 post-infection and both showed clearance by day 9 post-

infection (Figure 3.3B). We also estimated levels of SARS-CoV genomic RNA present in 

the lungs by qRT-PCR. While RNA levels in EGFR(DSK5) lungs were slightly elevated 

at day 9 compared to WT mice, the differences were not significant (Figure 3.4). 

Lungs were fixed in 4% PFA at each time point, sectioned and stained with H&E 

for histopathological analysis.  At day 2 post-infection, both WT and EGFR(DSK5) mice 

exhibited infection of ciliated epithelial cells noted by denudation of bronchiolar 

epithelial cells and mild perivascular cuffing (Figure 3.5).  At day 9 post-infection, WT 

mice infected with SARS-COV(MA15) resolved the infection with repair of airway 

structure and minimal inflammation.  While no significant differences were apparent in 

weight loss or viral titer, the EGFR(DSK5) mice infected with SARS-CoV(MA15) 

exhibited severe lung pathology (Figure 3.5, lower right panel). There was increased 

perivascular inflammation with interstitial edema and the alveolar and interstitial spaces 

were filled with proteinaceous fluid and inflammatory cells. These data suggest that 

constitutive activation of EGFR results in more severe lung pathology, independent of 

virus titers and clinical signs, during SARS-CoV infection. 
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Enhanced cellular proliferation in EGFR(DSK5) mouse lungs after SARS-

CoV(MA15) infection. 

One of the key events in the wound healing process is the proliferation of fibroblasts 

followed by the secretion of fresh extracellular matrix (ECM) components on which new 

tissue is built [1,2,98]. This is followed by an apoptosis-mediated contraction of the 

fibroblast population and is an important step in the effective resolution of wound healing 

[111]. A failure to initiate the contraction of fibroblasts can result in fibrosis and 

overproliferation of fibroblasts near the airways and is a common event during 

pulmonary fibrosis [1]. Since the activation of EGFR is a key signal for fibroblasts to 

proliferate [112–114], we reasoned that the effect of constitutively active EGFR on 

wound healing may result in exaggerated proliferation of cells in response to lung 

damage after SARS-CoV. To determine if an overactive EGFR is driving an exaggerated 

proliferative response during infection, we performed IHC staining for proliferating cell 

nuclear antigen (PCNA), which is a marker of actively proliferating cells. Lung sections 

from WT and EGFR(DSK5) mice infected with SARS-CoV(MA15) or PBS at day 9 

post-infection were stained with anti-PCNA antibody (Figure 3.6A).  Airways from PBS 

inoculated WT and EGFR(DSK5) mice had few if any PCNA-positive cells.  At day 9 

post-infection with SARS-CoV(MA15), WT lungs showed only disparate cells positive 

for PCNA signifying the resolution of the wound healing response. In contrast, lungs 

from SARS-CoV(MA15) infected EGFR(DSK5) mice displayed high levels of PCNA 

positive cells surrounding the airways, demonstrating that these lungs had sustained 

cellular proliferation which would indicate unresolved wound healing activity.  We 

compared the amounts of PCNA in total lung homogenates of WT or EGFR(DSK5) mice 
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inoculated with either PBS or SARS-CoV during a time course of infection by western 

blot (Figure 3.6B). At days 2 and 5 post-infection similar amounts of PCNA were 

observed in both WT and EGFR(DSK5) mice. By day 9 post-infection, the level of 

PCNA had decreased in the WT mice. However, in EGFR(DSK5) mice, the levels of 

PCNA remained significantly elevated (P=0.036), corroborating the IHC staining (Figure 

3.6B,C). 

 

Increased pathogenesis in aged EGFR(DSK5) mice compared to aged WT mice. 

 Although we observed striking differences in lung pathology between WT and 

EGFR(DSK5) mice, we did not see a difference in the clinical outcome.  All 10-12 week 

old WT and EGFR(DSK5) mice survived the SARS-CoV(MA15) infection and followed 

similar trajectories of recovery. The adverse sequelae associated with SARS-CoV in 

human patients were primarily observed in the elderly [24,115]. It has also been reported 

in some rodent models that EGFR expression increases with age and may exhibit 

dysregulated activation [116,117]. We reasoned that older EGFR(DSK5) mice may 

present with more marked differences in lung pathology compared to older WT mice. To 

determine the effects of constitutively activated EGFR signaling in the context of age, we 

infected 20-24 week old WT and EGFR(DSK5) mice with 1x105, 1x104 and 1x103 

pfu/mouse MA15 by intranasal inoculation and examined pathogenesis for 9 days. The 

1x105 and 1x104 pfu/mouse doses were 30% lethal in older WT mice (n=10) and 80% 

lethal in older EGFR (DSK5) mice (n=10) by 5 days post-infection (Figure 3.7A). The 

1x103 pfu/mouse dose was not lethal in older WT or EGFR (DSK5) mice and both 

groups had similar weight loss and recovery profiles over 9 days post-infection (Figure 
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3.7B). Lung sections from both WT and EGFR(DSK5) mice infected at 1x103 pfu/mouse 

at day 9 post-infection were stained with H&E and their pathology was compared to PBS 

inoculated mice (Figure 3.8A).  Histological analysis found that in PBS inoculated 20 

week old WT mice or EGFR(DSK5) mice, there was no damage or inflammation.  

SARS-CoV-infected older EGFR(DSK5) mice had increased levels of lung damage 

compared to older WT mice.  We observe increased edema, perivascular cuffing, 

interstitial inflammation and cuffing around airways. PCNA levels were elevated in 

EGFR(DSK5) mouse lungs compared to WT mice indicating actively proliferating cells 

(Figure 3.8B,C). 

 

Overactivation of fibrosis genes in EGFR(DSK5) mice after SARS-CoV infection. 

 Since we found that EGFR(DSK5) mice infected with SARS-CoV have increased 

lung pathology at day 9 post-infection (Figure 3.5, 3.6), we next sought to determine if 

wound healing and fibrosis associated genes were similarly upregulated between SARS-

CoV infected Stat1–/– mice and EGFR (DSK5) mice compared to WT mice.  To 

determine if wound healing and fibrosis associated genes are upregulated in SARS-CoV 

infected EGFR(DSK5) mice, we performed transcriptomic analysis on RNA isolated 

from the lungs of WT and EGFR(DSK5) mice infected with either PBS or SARS-CoV at 

1x105 pfu/mouse at days 2 and 9 post-infection. Genes associated with wound healing 

and fibrosis are represented in a heat map comparing WT and EGFR(DSK5) mice after 

infection (Figure 3.9A, B and Tables 3.1 and 3.2).  We found that at day 2 post-infection 

in both WT and EGFR(DSK5) mice there was an increase in expression of most genes 

associated with wound healing including those that were upregulated in Stat1–/– mice 
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(Figure 2.4).  Interestingly, in comparison to the Stat1–/– transcriptome analysis, most 

wound healing associated gene transcript levels were not significantly altered between 

WT and EGFR(DSK5) mice at day 9 (Figure 3.9A). Expression of fibrosis genes also 

exhibited a similar trend at day 2 post-infection, where WT and EGFR(DSK5) mice both 

expressed higher levels of most fibrosis genes (Figure 3.9B). At day 9 post-infection, 

fibrosis gene expression in WT mice had returned to baseline whereas EGFR(DSK5) 

mice had elevated expression of three fibrosis related genes, Ccl2, Col3a1 and Timp1, in 

their lungs (Figure 3.9B). 

 To validate the transcriptome data, the expression of Ccl2, Col3a1 and Timp1 was 

analyzed by qRT-PCR analysis of lung samples at days 2, 5 and 9 post-infection of WT 

and EGFR(DSK5) mice (Figure 3.10A). Ccl2 was upregulated 4.8 fold in WT mice and 

35.7 fold in EGFR(DSK5) mice.  Col3a1 was upregulated 1.7 fold in WT mice and 3.8 

fold in EGFR(DSK5) mice.  Timp1 was upregulated 2.0 fold in WT mice and 18.5 fold in 

EGFR(DSK5) mice (Figure 3.10A). In Stat1–/– mice, qRT-PCR analysis revealed that 

Ccl2 was upregulated 9.4 fold versus 2.6 fold for WT, and Timp1 expression levels were 

upregulated 6.2 fold compared to 1.1 fold for WT mice (Figure 3.10B top and bottom 

panels). Col3a1 levels were elevated in Stat1–/– mice at day 9 post-infection but not to a 

statistically significant level (Figure 3.10B, middle panel). The expression levels of Ccl2 

and Timp1 in the lungs of older EGFR(DSK5) mice infected at 1x103 pfu/mouse were 

elevated compared to WT mice but no difference was observed in the expression of 

Col3a1 between WT and EGFR(DSK5) mice (Figure 3.10C). Ingenuity pathway analysis 

(IPA) on the transcriptomics dataset, comparing upregulated disease pathway genes in 

infected WT and EGFR(DSK5) mice at 9 days post-infection revealed that genes 
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involved with fibrosis were upregulated in the EGFR(DSK5) mice (Figure 3.11). These 

data suggest that while there was no increase in wound healing genes as a whole in 

EGFR(DSK5) mice, a subset of fibrosis genes were overactivated in the EGFR(DSK5) 

mice after SARS-CoV infection. 

 

Discussion 

To investigate the role of overactive EGFR signaling, we used a strain of mice, 

EGFR(DSK5), that carries a point mutation that renders EGFR constitutively active.  

These mice display an easily recognizable skin phenotype due to overproliferation of skin 

keratinocytes that express this mutant EGFR [106]. The constitutive activation of EGFR 

in this mouse strain leads to recycling of EGFR from the plasma membrane in various 

tissues, analogous to what occurs with WT EGFR activated by ligand binding [106,118]. 

Consequently, these mice have lower levels of EGFR on the surface of cells and display 

consequences of EGFR activation (i.e. the overproliferation of certain cell types). The 

lungs of EGFR(DSK5) mice infected with SARS-CoV(MA15) have increased expression 

of markers of fibrosis (Timp1, Col3a1, CCL2) and show a sustained proliferative 

response in fibroblasts surrounding the airways, even after clearance of virus from the 

lungs (Figure 3.6) suggesting that overactive EGFR signaling contributes to fibrosis. 

 Advanced age is a major comorbidity in pulmonary fibrosis caused by SARS-

CoV, or by other respiratory viruses [119], and in idiopathic pulmonary fibrosis (IPF) 

where the trigger for the disease is unknown [120]. This is usually attributed to the lack 

of a robust immune response in the elderly [121]. However, the molecular pathways 

driving the development of fibrosis in an older population are not well understood due to 
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the lack of a suitable animal model. In our study 10-12 week old EGFR(DSK5) mice 

displayed increased lung pathology without any increase in mortality or morbidity. In 

stark contrast, older mice show increased mortality and lung pathology compared to 

younger mice (Figure 3.7) making it a suitable model to study how SARS-CoV induces 

fibrosis in the elderly. Taken together our data show that EGFR signaling is a key 

regulator of SARS-CoV-induced lung damage leading to fibrosis. 

 

Methods 

Viruses, cells and antibodies. The construction of SARS-CoV (MA15) has been 

previously described [122]. SARS-CoV (MA15) stocks were prepared, titered and stored 

at −80°C. Vero E6 cells (ATCC, Manassas, VA; Cat No. CRL-1586;) were grown in 

minimal essential medium (MEM) (Corning/CellGro, Manassas, VA; Cat No. 10-010-

CV) supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO; Cat No. 

F4135), 2mM L-Glutamine (ThermoFisher, NY; Cat No. 25030081), and 1% 

penicillin/streptomycin (Gemini Bioproducts, West Sacramento, CA).  NIH3T3(7d)-

HER1 stable cells were a gift from Dr. Anne Hamburger (Department of Pathology, 

UMB) and were grown in Dulbecco's modified Eagle's medium (DMEM) (ThermoFisher, 

NY; Cat No. 11965118) supplemented with 10% heat inactivated fetal bovine serum and 

500 µg/ml Geneticin (ThermoFisher, NY; Cat No. 10131-035) at 37°C in a 5% CO2 

incubator. Generation of NIH3T3(7d)-HER1 cells was described in Cohen et al. (1996) 

[123]. Antibodies used were EGFR (Clone D3881, Cell Signaling Technologies [CST]; 

Cat No. 4267), P-ERK1/2 (CST; Cat No. 9101), ERK1/2 (CST; Cat No. 9102), β-tubulin 
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(Sigma, St. Louis, MO; Cat No. T5201), proliferating cell nuclear antigen (PCNA) 

(Clone PC10, CST; Cat No. 2586). 

 

Mouse breeding. 129S1/SvImJ (WT mice) and C57Bl/6 mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). Stat1–/– mice were a gift from Dr. David Levy 

(New York University [NYU]) and EGFR(DSK5) mice [76] were a gift from Dr. David 

Threadgill (Texas A&M University). Mice were bred and housed in the animal facilities 

at UMB. Since the EGFR(DSK5) mutation is a dominant mutation, EGFR(DSK5) 

heterozygotic males were bred with WT 129S1 females.  

 

In vivo mouse infections. All SARS-CoV infections of mice were performed in an 

animal biosafety level 3 (ABSL3) facility at the UMB, MD, using appropriate practices 

as described previously [45]. Mice were euthanized at various time points and lung tissue 

was harvested for further analysis. 

 

Viral Titers. Tissue culture infectious dose 50 (TCID50) values from SARS-CoV 

(MA15)-infected lungs were calculated by infecting multiple replicates of Vero E6 cells 

plated on 96-well plates. 1:5 serial dilutions were performed for the virus containing lung 

lysates in Vero E6 culture medium (complete MEM) such that at least the last two 

dilutions had no detectable virus in any of the replicates. The infection proceeded for 3 

days before cells were fixed with 4% PFA and stained with 0.05% Crystal Violet in 20% 

Methanol. TCID50 was calculated using the formula Log10TCID50 = Xp + (0.5 × D)−(D × 

Sp) where Xp = last sample where all sample replicates are positive, D = serial dilution 
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log and Sp = sum of proportion of replicates at all dilutions where positives are seen 

(starting with Xp dilution). 

 

Histological analysis. The largest lung lobes were fixed in 4% paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS) for a minimum of 24 h, after which they were sent to 

the Histology Core at the UMB, for paraffin embedding and sectioning. Sections were 

prepared at five-micrometer thickness and stained using hematoxylin and eosin (H&E) by 

the Histology Core Services (UMB). Slides were imaged using a Carl Zeiss AxioSkop 2 

microscope equipped with the accompanying AxioSet software program. 

 

Immunohistochemistry. 5-µm sections of mouse lungs affixed on slides were provided 

by the Histology Core at the UMB. The slides were deparaffinized using two changes of 

xylenes for 5 min. per wash. A series of ethanol washes with progressively increasing 

amounts of water was used to rehydrate the sections. Antigen retrieval was performed by 

boiling slides in sodium citrate buffer (10mM Sodium Citrate, 0.05% Tween 20, pH 6.0) 

for 5 minutes, a 15 min. incubation followed by washes in ddH2O. Endogenous peroxide 

was blocked in 0.3% H2O2 (v/v in methanol) for 30 minutes followed by washes in 

ddH2O. Sections were blocked using 5% Bovine Serum Albumin (BSA) in PBS. Primary 

antibody was diluted in PBS/1% BSA/0.05% NP-40/2% normal goat serum. Anti-PCNA 

antibody was used at a 1:1000 dilution and probed overnight at 4 degrees. Slides were 

washed again and probed with a horseradish peroxidase conjugated anti-mouse secondary 

antibody for 2 hours. The color reaction was performed using the DAB kit (Vector 

Laboratories, Burlingame, CA) as per manufacturer’s instructions. 
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Isolation of mouse lung fibroblasts. Mouse lung fibroblasts were isolated with some 

modifications to the procedure described by Seluanov et al. [99]. In brief, mouse lungs 

were dissected and rinsed in PBS to remove as much blood as possible. Lungs were 

processed using a lung dissociation kit (Miltenyi Biotech, San Diego, CA; Cat No. 130-

095-927) as per manufacturer’s instructions. After the second disruption step using the 

GentleMACS dissociator, all the cells along with any unprocessed chunks of lung tissue 

were washed once in sterile PBS. After the wash, cells were resuspended in DMEM/F12 

(50/50) media with 15% FBS, 1X antibiotic/antimycotic and plated on a T175 flask. The 

flask was monitored daily to examine fibroblasts adhering to the surface. After 3-4 days, 

the medium with unadhered cells was centrifuged, and cells were resuspended in fresh 

medium and transferred to a new flask to obtain more fibroblasts. Any adhered 

fibroblasts in the first flask were allowed to grow for ~10-14 days and pooled with 

fibroblasts obtained from the second flask. When the cells attained confluence, they were 

cryopreserved in freezing medium (DMEM/F12 medium with 50% FBS, antibiotics and 

10% DMSO) for long-term storage in liquid nitrogen. 

 

cDNA synthesis and real-time PCR: RNA was quantitated when possible and ~100-500 

ng of RNA was used per reaction. If RNA extraction was performed in BSL3 conditions, 

quantitation was not possible and 5 µl of RNA was used per cDNA synthesis reaction. 

cDNA synthesis was performed using the RevertAid kit (ThermoFisher, NY). 

Manufacturer’s instructions were followed with a total reaction volume of 20 µl per 

sample. After cDNA synthesis, the volume of the reaction was adjusted to 100 µl with 
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ultrapure water and further diluted 10-fold for PCR using Taqman gene expression assay 

primers (ABI/ThermoFisher, NY). 18s rRNA levels were used to normalize RNA levels 

for real-time PCR. 

 

Microarray analysis. RNA extraction and cDNA synthesis were performed in BSL3 

conditions. RNA was extracted by the TRIZOL method and RNeasy Mini Kit (Qiagen; 

Cat No. 74104). First strand cDNA synthesis was performed using the WT Expression 

Kit (Ambion/ThermoFisher; Cat No. 4411974). For RNA extraction and cDNA 

synthesis, instructions included with the kit were followed without modification. Array 

hybridization and data acquisition were performed at UMB’s microarray core facility on 

the GeneChip® Mouse Gene 2.0 ST Array. Analysis of the Affymetrix Mouse Gene 2.0 

ST microarrays was performed using Microsoft Excel and R [100]. Data was loaded and 

normalized via the RMA method [101,102] using the Affy software package [103]. 

Datasets from three replicates per condition were generated from EGFR(DSK5) lungs – 

PBS and SARS-CoV (MA15) infected for 2 days and 9 days post-infection and 

corresponding littermate WT controls. Heatmaps of selected gene lists were generated 

using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA). 

 

Western blots. Protein samples were prepared in 1X lysis buffer (50mM Tris/HCl [pH 

7.4], 1% Triton-X 100, 150mM NaCl, 2mM EDTA, 1% NP-40) containing protease and 

phosphatase inhibitors. For lung lysates from SARS-CoV (MA15)-infected mice, after 

mixture with the above lysis buffer, a secondary lysis was performed using an SDS 

containing lysis buffer (final: 20 mM Tris-HCl [pH 7.6], 150 mM NaCl, 1% NP-40, 0.5% 
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Sodium Dodecyl Sulphate (SDS) and 5 mM EDTA). Protein amounts were estimated by 

Bradford assay (Sigma, St. Louis, MO; Cat No. B6916) to normalize amounts before 

loading. Samples were resolved by SDS-PAGE on 4-20% gradient TGX gels (Bio-Rad, 

Hercules, CA; Cat No. 456-1093 or 456-1096) and transferred to Polyvinylidene fluoride 

(PVDF) membranes (EMD Millipore, Billerica, MA; Cat No. IPFL00010) by the wet 

transfer method (BioRad/ThermoFisher, NY; XCell SureLock™ Mini-Cell Transfer 

System). Transferred membranes were blocked in 5% milk and probed with primary and 

HRP-conjugated secondary antibodies as per manufacturer’s recommendations. Blots 

were developed using ECL Prime western blotting reagent (Sigma, St. Louis, MO; Cat 

No. GERPN 2232) as per manufacturer’s instructions. Image acquisition was performed 

using a ChemiDoc (Bio-Rad, Hercules, CA). Image analysis and quantitation was 

performed using the ImageLab software (Bio-Rad, Hercules, CA). Densitometry values 

were obtained from bands of images that were not overexposed using volume tools. 

Background was adjusted for each band locally. Values were normalized against a house 

keeping protein (β-tubulin) and relative expression values were calculated using one 

control condition (PBS treated or untreated) as a reference point. 
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Figure 3.1. Coat morphology of WT (Smooth coat) and EGFR(DSK5) (Wavy coat) 

mice.   

	

	
Figure 3.1. Coat morphology of WT (Smooth coat) and EGFR(DSK5) (Wavy coat) mice. 
EGFR(DSK5) mice carry a point mutation in their kinase domain that results in thicker epidermal 
layers of the skin, abnormalities in sebaceous glands, hair follicles and thicker wavy fur. The 
images above show a WT mouse (smooth coat – left panel) and an EGFR(DSK5) heterozygous 
mouse (wavy coat – right panel) from the same litter. The DSK5 mutation is dominant and a 
single copy of the mutant allele is adequate to produce the ‘wavy’ phenotype. 
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Figure 3.2. Expression of EGFR in EGFR(DSK5) mice.  

	

	
Figure 3.2. Expression of EGFR in EGFR(DSK5) mice. A. qRT-PCR estimation of EGFR 
mRNA in lungs of WT and EGFR(DSK5) mice. Bars represent relative fold values normalized to 
PBS-treated WT mice. B. Western blot analysis of EGFR protein levels in the liver of 10-12 week 
old WT and EGFR(DSK5) mice. Blots were probed with EGFR antibody (top panel) and tubulin 
(bottom panel). C. Western blot analysis with lysates from lung fibroblasts isolated from WT and 
EGFR(DSK5) mice treated with and without EGFR ligands (combination of HB-EGF and AREG 
at 5ng/ml each for 10 minutes). Blots were probed for EGFR, phospho-ERK1/2 and total ERK1/2 
proteins. D. Quantitation of band intensity of EGFR in C. 
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Figure 3.3. EGFR(DSK5) mice are susceptible to virus infection but do not have a 

difference in viral titers.   

	

	
Figure 3.3. EGFR(DSK5) mice are susceptible to virus infection but do not have a difference 
in viral titers. A. Weight loss curve of WT and EGFR(DSK5) mice intranasally inoculated with 
either PBS or SARS-CoV(MA15). Weights are expressed as a percentage of body weights at day 
0. B. Lungs from infected mice were harvested at different days post infection, homogenized in 
PBS and viral titers estimated by measuring the TCID50 values. 
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Figure 3.4. EGFR(DSK5) mice do not exhibit significant differences in viral RNA 

levels.   

	

	
Figure 3.4. EGFR(DSK5) mice do not exhibit significant differences in viral RNA levels. 
SARS-CoV viral genomic RNA levels were measured by qRT-PCR at different days post 
infection in WT and EGFR(DSK5) mice. Bars represent relative values normalized to values 
from PBS-treated WT mice. 
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Figure 3.5. EGFRDSK5 mouse lungs have increased inflammation at day 9 post-

infection.   

	

	
	
Figure 3.5. EGFRDSK5 mouse lungs have increased inflammation at day 9 post-infection. 
WT and EGFR(DSK5) mice were infected with PBS or SARS-CoV(MA15) and lungs were 
harvested for histology 2 and 9 days post-infection. 5 micron sections of the lungs were stained 
with hematoxylin and eosin (H&E). The above images show representative regions of the lungs 
from PBS and infected mice. 
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Figure 3.6. EGFRDSK5 mouse lungs display overproliferation near the airways.  

	

	
Figure 3.6. EGFRDSK5 mouse lungs display overproliferation near the airways. A. 
Immunohistochemistry was performed on sections of mouse lungs infected with SARS-CoV or 
PBS at 9 days post-infection using anti-PCNA antibodies. Staining was performed using a 
DAB/HRP kit and PCNA shows as a brown nuclear stain (blue arrows). B. Western blots were 
performed at n=3 per group. Blots show a representative band from each infection group. C. 
Graph shows quantitation of PCNA bands normalized to tubulin. Values are expressed as fold 
change relative to the PBS treated WT samples. Bars represent mean values and the error bars are 
standard deviations for three mice. 
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Figure 3.7. 20-24 week old EGFRDSK5 mice exhibit increased lethality at high doses 

of SARS-CoV(MA15).

	

	
Figure 3.7. 20-24 week old EGFRDSK5 mice exhibit increased lethality at high doses of SARS-
CoV(MA15). A. Survival curve of 20-24 week old WT and EGFR(DSK5) mice (designated 
‘old’) and 10-12 week old WT and EGFR(DSK5) mice (designated ‘young’) were infected with 
either 104 or 105 pfu/mouse. Survival of the different groups are shown in the graph. B. 20-24 
week old WT and EGFR(DSK5) mice were infected at 103 pfu/mouse. Change in body weight is 
shown over 9 days post-infection. Body weight is expressed as a percentage relative to the weight 
at day 0. 
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Figure 3.8. 20-24 week old EGFRDSK5 mouse lungs have increased lung pathology 

and proliferation.   

	
	

Figure 3.8. 20-24 week old EGFRDSK5 mouse lungs have increased lung pathology and 
proliferation. A. H&E stained lung sections from 20-24 week old WT and EGFR(DSK5) mice 
infected with SARS-CoV(MA15). B. Protein lysates were prepared from infected WT and 
EGFR(DSK5) mouse lungs and western blot analysis was performed with anti-PCNA (upper 
panels) and anti-tubulin antibodies (lower panels) – representative sample from each group is 
shown. C. Band intensities from panel B were quantitated. Bars represent relative band intensities 
normalized to values from PBS treated WT mice. 
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Figure 3.9. Genes regulating fibrosis, but not wound healing, were upregulated at 

day 9 in lungs from EGFR(DSK5) mice.   

	
	

Figure 3.9. Genes regulating fibrosis, but not wound healing, were upregulated at day 9 in 
lungs from EGFR(DSK5) mice. RNA was extracted from the lungs of WT and EGFR(DSK5) 
mice at 2 and 9 days post-infection with SARS-CoV (MA15). A panel of wound healing genes 
(A.) and fibrosis (B.) genes were compiled and gene expression is presented as a heatmap. Values 
represent fold expression relative to PBS inoculated WT mice. 
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Figure 3.10. Ccl2, Col3A1 and Timp1 are overexpressed in lungs from EGFR(DSK5) 

mice at day 9 post-infection.   

	
	

Figure 3.10. Ccl2, Col3A1 and Timp1 are overexpressed in lungs from EGFR(DSK5) mice at 
day 9 post-infection. A. RNA was extracted from the lungs of 10-12 week old WT and 
EGFR(DSK5) mice at 2, 5 and 9 days post-infection with 105 pfu of SARS-CoV (MA15). Ccl2, 
Col3a1 and Timp1 mRNA expression levels were measured by qRT-PCR. B. RNA was extracted 
from 10-12 week old WT and Stat1–/– lungs as infected in panel A. Ccl2, Col3a1 and Timp1 
mRNA expression levels were measured by qRT-PCR. C. 20-24 week old WT and EGFR(DSK5) 
were infected with 103 pfu of SARS-CoV (MA15). RNA was extracted from mouse lungs at day 
9 post-infection and mRNA levels of Ccl2, Col3a1 and Timp1 were measured by qRT-PCR. 
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Figure 3.11. Ingenuity pathway analysis (IPA) of transcriptome data reveals an 

overrepresentation of fibrosis-related genes in EGFR(DSK5) mice at day 9 post-

infection.   

	

Figure 3.11. Ingenuity pathway analysis (IPA) of transcriptome data reveals an 
overrepresentation of fibrosis-related genes in EGFR(DSK5) mice at day 9 post-infection. 
A. Ingenuity pathway analysis was used to compare microarray data from WT and 
EGFR(DSK5) mice infected with SARS-CoV(MA15) at 9 days post-infection. The graph 
shows all disease related pathways that are overrepresented in the EGFR(DSK5) mouse lungs 
compared to WT mice. The ‘threshold’ indicates the threshold of significance.	
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Table 3.1. Wound healing gene expression in EGFR(DSK5) mice. 

 

 

Table 3.1. Wound healing gene expression in EGFR(DSK5) mice. Gene expression 

values that were used to create the heatmaps in Figure 3.9A.  

Gene Symbol WT:D2 WT:D9 DSK5:D2 DSK5:D9 
Muc1 1.24958472 1.059318398 1.237576321 1.148746031 
Serpinf2 1.005275039 1.076343995 1.296937894 0.973959931 
Ppara 0.963372045 1.024514844 1.085309629 0.943750413 
Pdgfd 0.828721779 0.82046192 0.790101376 0.913608219 
Vegfa 0.993267708 0.897096776 1.059201306 0.986298634 
Ccr7 0.700600751 0.959284087 0.755442443 0.557370151 
Irf1 3.217282227 1.287565169 4.585635657 1.798946617 
Muc5b 2.315258479 1.205862028 2.581860544 2.648811986 
Muc5ac 0.979148208 0.947593371 1.06899625 1.252384293 
Egr1 1.420986631 0.807842801 1.571599337 0.630374865 
Egr2 1.16188651 1.100819603 1.303659654 1.11804732 
Mmp9 0.815740435 0.661425844 1.138275813 0.657387816 
Gbp2 8.568837904 2.29627115 10.9306369 3.227642748 
Ccl11 1.741165116 1.033461871 1.914661024 0.954395463 
Ccl3 7.374959894 2.209217831 8.531527869 2.015877993 
Socs3 2.345988438 1.344297965 3.175192396 1.657704406 
Ccr2 1.898114964 2.56370902 1.972274106 2.335924319 
Ccr5 2.396554655 2.530801276 3.197457529 2.551879222 
Tnf 3.893191375 1.903284029 4.91475242 2.02484063 
Cxcl1 2.721699771 1.301744615 3.299285797 1.44789156 
Il6 23.77820489 1.885805582 30.85256895 2.526872922 
Ccl2 22.06441303 2.780114177 24.08748908 4.780781876 
Ifng 1.312446528 1.17875933 1.763109244 1.316881769 
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Table 3.2. Fibrosis gene expression in EGFR(DSK5) mice. 

 

 

 

Table 3.2. Fibrosis gene expression in EGFR(DSK5) mice. Gene expression values 

that were used to create the heatmaps in Figure 3.9B. 

 

 

  

Gene Symbol WT:D2 WT:D9 DSK5:D2 DSK5:D9 
Icam1 1.5488509 1.149609225 1.855424964 1.596337223 
Il1a 3.288089931 1.360019535 3.733819792 1.268028953 
Lbp 2.114673337 1.354119802 2.465446331 1.651924068 
Tnfrsf1b 2.141017245 1.571891356 2.567532492 1.604735456 
Csf1 2.614548822 1.074479563 3.017590801 1.192906217 
Nfkb2 2.23092147 1.477704937 2.553398864 1.689226187 
Pgf 1.297801029 0.922719994 1.559461165 1.21046921 
Igf1 1.729322597 1.466890553 1.183183704 1.79667449 
Cd14 2.273261608 1.63241027 2.797950968 2.300910993 
Vcam1 3.872032809 2.275403928 3.813511014 2.692949764 
Il10ra 2.636166587 1.738759567 3.434222512 1.570842461 
Fn1 0.965818404 1.042014427 0.876528132 1.518873118 
Il1b 2.976961766 1.462845702 3.944742834 1.255383575 
Mmp13 1.446779091 0.858945741 1.421877303 1.09470478 
Tnf 3.893191375 1.903284029 4.91475242 2.02484063 
Ccl5 5.896558456 4.5596542 7.093102609 4.125477387 
Ccr5 2.396554655 2.530801276 3.197457529 2.551879222 
Il1r2 4.379792999 0.976313838 6.631179804 1.364979541 
Cxcl3 2.090822527 1.715251649 2.235176947 1.41874425 
Col3a1 2.153502052 1.984695884 1.9827388 3.452700619 
Timp1 10.10057928 2.157322024 13.36329825 7.326072203 
Ccl2 22.06441303 2.780114177 24.08748908 4.780781876 
Il6 23.77820489 1.885805582 30.85256895 2.526872922 
Ifng 1.312446528 1.17875933 1.763109244 1.316881769 
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Chapter 4: Two EGFR ligands Amphiregulin and HB-EGF influence wound healing 

in the lung. 

Abstract: 

EGFR signaling is initiated by the binding of the cognate ligands to EGFR. There are 

seven known canonical ligands for EGFR, and all share structural similarities. However, 

the role of individual ligands in fibrosis has not been systematically studied. Transgenic 

mice overexpressing EGFR ligands spontaneously develop fibrosis in different organs, 

and certain ligand knockout mice are resistant to the development of fibrosis. Our data 

indicate that of the seven canonical EGFR ligands, HB-EGF and AREG are induced in 

response to SARS-CoV infection. HB-EGF and AREG expression in WT mice peaks at 

day 2 post-infection, coinciding with maximum lung injury caused by SARS-CoV and 

return to baseline by day 9 post-infection. This expression pattern may indicate a role for 

HB-EGF and AREG in the wound healing process. To test our hypothesis that an 

overactive EGFR signaling pathway results in PF, we administered soluble EGFR ligands 

to WT mice after a SARS-CoV infection and examined lung pathology. Our results 

demonstrate that WT mice treated with the EGFR ligands HB-EGF and AREG exhibit 

more severe lung pathology compared to infected mice treated with PBS. These data 

confirm a role for an overactive EGFR signaling pathway in the development of fibrosis. 
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Introduction 

There are seven known canonical ligands of EGFR [56] (Fig 1.2): EGF, Transforming 

Growth Factor alpha (TGF-α), Amphiregulin (AR), Epiregulin (EREG), Heparin binding 

epidermal growth factor (HB-EGF), Epithelial Mitogen or Epigen (EPGN) and 

Betacellulin (BTC). All EGFR ligands are expressed as transmembrane precursor 

proteins that are cleaved by cell surface proteases upon injury or another signaling event 

and then released into the extracellular milieu as mature proteins, where they can bind the 

extracellular domain of EGFR. All ligand knockout mice, except the HB-EGF knockout, 

are viable including a TGFα/AREG/EGF triple knockout. While this implies functional 

redundancy, the reason why seven different ligands are required for the activation of 

EGFR and if they have non-overlapping roles has not been well studied. 

Structurally, all the EGFR ligands possess at least one EGF module (Figure 1.2), 

which is processed and released by the ‘a disintegrin and metalloproteinase’ (ADAM) 

family of metalloproteases [58]. The soluble fragment containing the EGF module serves 

as the activating ligand for EGFR [56].  EGF has nine EGF modules, but only the first 

one is released and serves as an EGFR ligand. All the other canonical ligands have a 

single EGF module. The C-terminal tails of the ligands are also known to function as 

potential transcriptional co-factors by translocating to the nucleus after proteolytic 

cleavage [124,125].  

In polarized human airway epithelial cells, the ligands are expressed in their pro-form 

in the apical membranes and the receptors are expressed in the basolateral surfaces of the 

cells [126]. This spatial segregation of receptors from the ligand maintains the receptor in 

an inactive state during homeostasis. Upon injury, the epithelial barrier is compromised 
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allowing airway surface liquid (ASL) containing small amounts of shed ligands to contact 

the basolateral surfaces of the epithelium and activating the receptor [126,127]. This step 

initiates the wound healing response. 

 

The link between EGFR ligands and fibrosis. 

A majority of the canonical EGFR ligands appear to play a role in promoting 

fibrosis in various organs (data summarized in Table 4.1). These data show that 

constitutive ubiquitous expression of certain EGFR ligands, resulting in persistent EGFR 

activation, instigates fibrosis. The inhibition of EGFR signaling by using TKIs, or by co-

expressing signaling defective EGFR mutants, reverses the onset of fibrosis, at least in 

the case of TGF-α overexpressing mice [70,93]. Mice deficient in EGFR ligands 

exhibited a more mixed phenotype. TGF-α- and AREG-deficient mice had an increased 

resistance to fibrosis, whereas BTC/HB-EGF double knockouts and HB-EGF conditional 

knockouts showing increased susceptibility to fibrosis (Table 4.1). For EGFR ligands, 

such as EPGN and EREG, a fibrosis-related phenotype has been lacking for the knockout 

mice, mainly because there has been no systematic examination of the fibrotic phenotype 

in these mice. Taken together, the data suggest that overexpression of EGFR ligands 

leads to fibrosis and inhibiting the action of EGFR ligands or a deficiency of EGFR 

ligands leads to protection against fibrosis, at least in the case of some ligands. 
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EGFR ligands Amphiregulin and HB-EGF are upregulated during SARS-CoV 

infection. 

 Our data support the hypothesis that EGFR is a key regulator of lung disease 

caused by SARS-CoV infection.  EGFR is activated upon the binding of specific ligands 

to its extracellular ligand-binding domain [56]. We next hypothesized that there are 

specific EGFR ligands induced during SARS-CoV(MA15) infection, which may be 

responsible for the activation of EGFR during SARS-CoV infection in mice. Expression 

of the seven canonical EGFR ligands areg, egf, ereg, tgfa, epgn, hbegf and btc were 

quantified by microarray analysis (Figure 4.1A). To validate our findings, we performed 

quantitative RT-PCR to measure transcript levels in SARS-CoV(MA15)-infected lungs 

from WT and EGFR(DSK5) mice. There was no gene induction of egf, btc, tgfa, ereg 

and epgn in SARS-CoV-infected WT or EGFR(DSK5) mice compared to PBS inoculated 

mice (data not shown). However, two genes, hbegf and areg, were induced during SARS-

CoV infection.  In WT mice, the levels of hbegf and areg peaked at day 2 post-infection, 

decreased by day 5 and returned to baseline by day 9 post-infection (Figure 4.2B, left 

panels). Interestingly, the expression patterns for areg and hbegf in WT mice correlates 

with virus titers (Figure 3.3B). In EGFR(DSK5) mice, hbegf levels continued to rise 

through 9 days post-infection but areg decreased at day 5 and returned to baseline by day 

9 post-infection (Figure 4.1B, right panels). These data suggest that AREG and HB-EGF 

are expressed during SARS-CoV infection and may be the ligands responsible for 

initiating EGFR activation. 

 



	 66	

Intranasal administration of AREG and HB-EGF to mice during SARS-CoV 

infection exacerbates disease in WT mice. 

 We have demonstrated that lung injury caused by SARS-CoV(MA15) infection 

activates gene expression of areg and hbegf, likely reflecting a normal host response 

where the ligands bind to EGFR and activate the wound healing process. Our data also 

indicate that after a successful resolution of wound healing, gene expression of areg and 

hbegf normally return to basal levels. However, if EGFR ligand expression remains 

persistent, it may lead to fibrosis. This idea is supported by observations in transgenic 

mouse models where constitutive expression of various EGFR ligands resulted in fibrosis 

[70,71,128,129]. We reasoned that exogenous administration of EGFR ligands in older 

WT mice could reproduce the exacerbated lung pathology observed in the EGFR(DSK5) 

mice, as constitutive EGFR activation would occur in both cases.  

First, we tested if the intranasal administration of soluble EGFR ligands in the 

absence of lung injury was sufficient for the induction of genes associated with fibrosis. 

WT 129S1 mice were intranasally administered 2 µg/mouse of recombinant AREG and 

HB-EGF on days 2, and 5 followed by lung harvests on day 9 (Figure 4.2A). Day 0 (no 

infections) represented an arbitrary time point from which administration and lung 

harvest days were established. Mice were weighed daily for 9 days until dissection of 

lungs. PBS, HB-EGF and AREG-treated mouse groups did not exhibit any weight loss or 

other clinical symptoms (Figure 4.2B). RNA was extracted from lungs of HB-EGF and 

AREG-treated mice and levels of Col3a1, Timp1 and Ccl2 were quantified by qRT-PCR; 

however, no difference in expression between the three groups was noted. 
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Since the addition of EGFR ligands alone in the absence of SARS-CoV-induced 

lung injury did not result in a clinical phenotype or an induction of fibrotic gene 

expression, we reasoned that lung injury caused by a respiratory virus infection could be 

the trigger for fibrosis. It was also possible that an intranasal route may not be an ideal 

method of administration since ligands can diffuse into the cerebrospinal fluid [130], and 

not remain in the lungs for sufficient times to induce EGFR signaling. Additionally, 

EGFR is expressed on the basal membrane of the airway epithelium [126], suggesting 

that an intraperitoneal route of administration may be more appropriate to activate EGFR 

signaling in the lungs. To test if EGFR activation using soluble ligands in combination 

with a SARS-CoV infection will induce fibrosis in WT mice, we infected 10-12 week old 

129S1 mice with 105 pfu/mouse of SARS-CoV(MA15). We administered HB-EGF and 

AREG every day intraperitoneally at 2 µg/mouse/day for 9 days (Figure 4.3A). After 9 

days, the mice were euthanized and lungs harvested for the analysis of Col3a1 and Timp1 

(Figure 4.3B). These two genes were induced at day 9 post-infection in all three groups 

but no difference in gene expression was observed between the PBS treated and the 

ligand treated groups (Figure 4.3B). However, H&E stained sections from the lungs of 

infected mice treated with HB-EGF and AREG indicated mild inflammation compared to 

the PBS treated mice (Figure 4.3C). 

Our qRT-PCR data indicated that both AREG and HB-EGF are induced in WT 

mice with similar kinetics in response to SARS-CoV infection (figure 4.1B, left panels). 

This suggests a cooperative role between both ligands in activating EGFR. Additionally, 

data from EGFR(DSK5) mice indicated that older mice showed a more severe phenotype 

than younger mice. We intraperitoneally administered AREG and HB-EGF protein at the 
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time of SARS-CoV(MA15) infection, and every day, until 9 days post-infection on 20-24 

week old WT mice (Figure 4.4A). Mice were monitored daily for survival and weight 

loss. There was no mortality in these mice or any differences in weight loss between 

groups during the 9 days (Figure 4.4B). However, in the ligand treated mice, we observed 

enhanced perivascular cuffing, edema and thickening of the alveolar septa compared to 

the PBS treated group (Figure 4.4C). These data further support the idea that 

overactivation of the EGFR pathway results in more severe lung pathology and limited 

resolution of SARS-CoV-induced tissue damage. 

 

Discussion 

Transgenic mice constitutively overexpressing select EGFR ligands tend to 

spontaneously develop fibrosis [131,132], whereas the deficiency of some EGFR ligands 

are beneficial in reducing PF in a bleomycin model [77]. Taken together, these studies 

indicate that activation of EGFR contributes to fibrosis and inhibition of EGFR signaling 

can protect against fibrosis. Studies on influenza A virus also reveal that amphiregulin 

protects against virus-induced lung pathology in female mice, further complicating the 

model [133]. In contrast to this, other studies have shown that the same ligands  

exacerbate PF [68], and conditional loss of the EGFR ligand HB-EGF contributes to liver 

fibrosis [134], demonstrating the complex nature of EGFR signaling pathway integration.   

The wound healing process involves a series of well coordinated events and 

EGFR signaling is one of the key regulators of this process [135].  Our data show that 

EGFR ligands are expressed at the onset of wound healing (day 2 post-infection) and 

return to baseline after the resolution of injury (day 9 post-infection) (Figure 4.1B). This 
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expression pattern coincides with the expression of wound healing genes at day 2, and 

downregulation of these genes by day 9 (Figures 2.4A and 3.9A). Dysregulation in either 

the initial activation or the eventual downregulation of this pathway would disrupt the 

wound healing process, thereby resulting in fibrosis. While certain transgenic mice 

overexpressing EGFR ligands spontaneously develop fibrosis (Table 4.1), mice carrying 

hypermorphic mutations of EGFR [eg. The EGFR(DSK5) mice] do not develop fibrosis 

without a trigger. There have been no studies showing that the hypomorphic EGFR 

mutations [eg. The EGFR(Wa2) and EGFR(Wa5) mice] can be protective against 

fibrosis. Overall, while there are many gaps in understanding how EGFR ligands 

influence pulmonary fibrosis, our data has shown that the two EGFR ligands AREG and 

HB-EGF are induced in response to a SARS-CoV infection, and exogenous 

administration of these ligands during the later stages of a SARS-CoV infection can 

induce fibrosis-like pathology in WT mice. These findings are in line with other reports 

in the literature and support our hypothesis that overactive EGFR signaling contributes to 

the development of PF. 

 

Methods 

Viruses, cells and antibodies. The construction of SARS-CoV (MA15) has been 

previously described [122]. SARS-CoV (MA15) stocks were prepared, titered and stored 

at −80°C. Vero E6 cells (ATCC, Manassas, VA; Cat No. CRL-1586;) were grown in 

minimal essential medium (MEM) (Corning/CellGro, Manassas, VA; Cat No. 10-010-

CV) supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO; Cat No. 

F4135), 2mM L-Glutamine (ThermoFisher, NY; Cat No. 25030081), and 1% 
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penicillin/streptomycin (Gemini Bioproducts, West Sacramento, CA).  NIH3T3(7d)-

HER1 stable cells, a gift from Dr. Anne Hamburger (Department of Pathology, UMB), 

were grown in Dulbecco's modified Eagle's medium (DMEM) (ThermoFisher, NY; Cat 

No. 11965118) supplemented with 10% heat inactivated fetal bovine serum and 500 

µg/ml Geneticin (ThermoFisher, NY; Cat No. 10131-035) at 37°C in a 5% CO2 

incubator. The generation of NIH3T3(7d)-HER1 cells has been described in Cohen et al. 

(1996) [123]. Antibodies used were EGFR (Clone D3881, Cell Signaling Technologies 

[CST]; Cat No. 4267), P-ERK1/2 (CST; Cat No. 9101), ERK1/2 (CST; Cat No. 9102), β-

tubulin (Sigma, St. Louis, MO; Cat No. T5201), proliferating cell nuclear antigen 

(PCNA) (Clone PC10, CST; Cat No. 2586). 

 

Mouse breeding. 129S1/SvImJ (WT mice) and C57Bl/6 mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). Stat1–/– mice were a gift from Dr. David Levy 

(New York University [NYU]) and EGFR(DSK5) mice [76] were a gift from Dr. David 

Threadgill (Texas A&M University). Mice were bred and housed in the animal facilities 

at the UMB. Since the EGFR(DSK5) mutation is a dominant mutation, EGFR(DSK5) 

heterozygotic males were bred with WT 129S1 females.  

 

In vivo mouse infections. All SARS-CoV infections of mice were performed in an 

animal biosafety level 3 (ABSL3) facility at the UMB, MD, using appropriate practices 

as described previously [45]. Mice were euthanized at various time points and lung tissue 

was harvested for further analysis. 
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Histological analysis. The largest lung lobes were fixed in 4% paraformaldehyde (PFA) 

in phosphate-buffered saline (PBS) for a minimum of 24 h, after which they were 

submitted to the Histology Core at the UMB, for paraffin embedding and sectioning. 

Sections were prepared at five-micrometer thickness and stained using hematoxylin and 

eosin (H&E) by the Histology Core Services (UMB). Slides were imaged using a Carl 

Zeiss AxioSkop 2 microscope equipped with the accompanying AxioSet software 

program. 

 

cDNA synthesis and real-time PCR: RNA was quantitated whenever possible and 

~100-500 ng of RNA was used per reaction. If RNA extraction was performed in BSL3 

conditions, quantitation was not possible and 5 µl of RNA was used per cDNA synthesis 

reaction. cDNA synthesis was performed using the RevertAid kit (ThermoFisher, NY). 

Manufacturer’s instructions were followed with a total reaction volume of 20 µl per 

sample. After cDNA synthesis, the volume of the reaction was adjusted to 100 µl with 

ultrapure water and further diluted 10-fold for PCR using Taqman gene expression assay 

primers (ABI/ThermoFisher, NY). 18s rRNA levels were used to normalize RNA levels 

for real-time PCR. 

 

Microarray analysis. RNA extraction and cDNA synthesis were performed in BSL3 

conditions. RNA was extracted by the TRIZOL method and RNeasy Mini Kit (Qiagen; 

Cat No. 74104). First strand cDNA synthesis was performed using the WT Expression 

Kit (Ambion/ThermoFisher; Cat No. 4411974). For RNA extraction and cDNA 

synthesis, instructions included with the kit were followed without modification. Array 
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hybridization and data acquisition were performed at UMB’s microarray core facility on 

the GeneChip® Mouse Gene 2.0 ST Array. Analysis of the Affymetrix Mouse Gene 2.0 

ST microarrays was performed using Microsoft Excel and R [100]. Data was loaded and 

normalized via the RMA method [101,102] using the Affy software package [103]. 

Datasets from three replicates per condition were generated from EGFR(DSK5) lungs – 

PBS and SARS-CoV (MA15) infected for 2 days and 9 days post-infection and 

corresponding littermate WT controls. Heat maps of selected gene lists were generated 

using GraphPad Prism software (GraphPad Software, Inc., La Jolla, CA). 

 

Intranasal administration of EGFR ligands. Recombinant soluble HB-EGF (R&D 

Systems; Cat No. 259-HE/CF) and amphiregulin (R&D Systems; Cat No. 989-AR/CF) 

were reconstituted in sterile 1X phosphate buffered saline at a concentration of 200 

µg/ml, aliquoted and stored at -20 °C. HB-EGF and AREG were diluted to 2 µg/mouse in 

a 50 µl administration volume. Mice were anesthetized and ligands administered 

intranasally on days 2 and 5. Day 0 was the day the monitoring of mouse body weight 

commenced. Mice were euthanized using isoflurane on day 9 to harvest lungs for 

histology and RNA extraction. 

 

Intraperitoneal administration of EGFR ligands. Dilutions of ligands were conducted 

with sterile PBS, either individually or in combination, to desired concentrations such 

that the total administered volume was 50 µl per mouse. Mice were injected 

intraperitoneally (IP) on day 0 with the ligand and concurrently infected intranasally with 

PBS or SARS-CoV(MA15) at 105 pfu/mouse for 10-12 week old mice and 103 pfu/mouse 
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for 20-24 week old mice. Ligands were administered IP daily for the next 9 days. Mice 

were weighed daily and monitored for clinical symptoms. On day 9 post-infection, mice 

were euthanized using isoflurane and lungs were dissected for histology, RNA extraction 

and estimation of viral titers. 
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Figure 4.1. Expression of the EGFR ligands HB-EGF and AREG are dysregulated 

in EGFR(DSK5) mice.  

	

	
Figure 4.1. Expression of the EGFR ligands HB-EGF and AREG are dysregulated in 
EGFR(DSK5) mice. A. Transcriptomics analysis of RNA extracted from WT and EGFR(DSK5) 
mice infected with SARS-CoV(MA15) at 2 and 9 days post-infection. B. qRT-PCR of RNA extracted 
from the lungs of infected WT and EGFR(DSK5) mice infected with SARS-CoV(MA15) for 2, 5 and 
9 days post-infection and PBS controls. Bars represent the fold relative induction of the genes 
normalized to values from the PBS treated WT mice (n=3). 
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Figure 4.2. Administration of EGFR ligands in the absence of virus infection does 

not induce basal fibrotic gene expression.   

	

	
Figure 4.2. Administration of EGFR ligands in the absence of virus infection does not 
induce basal fibrotic gene expression. A. Schematic showing the administration of EGFR 
ligands in mice. Either AREG or HB-EGF at 2 µg/day/mouse was administered intranasally on 
days 2 and 5. B. Mice were weighed daily to monitor for weight loss. C. Lungs were harvested 
from mice on day 9 and RNA extracted and levels of Col3a1, Timp1 and Ccl2 were quantified by 
qRT-PCR. Bars represent relative fold expression normalized to the average of the values from 
PBS treated mice. 
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Figure 4.3. Administration of EGFR ligands HB-EGF and AREG together with 

SARS-CoV infection potentiates lung inflammation.   

	

	
Figure 4.3. Administration of EGFR ligands HB-EGF and AREG together with SARS-CoV 
infection potentiates lung inflammation. A. Schematic showing the administration of EGFR 
ligands in mice. Either AREG or HB-EGF at 2 µg/day/mouse was administered intranasally on 
days 2, 5 and 9. Mice were infected with 105 pfu/mouse of SARS-CoV(MA15) on day 0. B. 
Lungs were harvested from mice on day 9 and RNA extracted and levels of Col3a1 and Timp1 
were quantified by qRT-PCR. Bars represent relative fold expression normalized to the average 
of the values from PBS treated mice. C. Lungs were fixed in 4% PFA and H&E staining was 
performed on lung sections. The images show a representative region of the lung at 10X 
magnification. 
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Figure 4.4. Administration of exogenous EGFR ligands to WT mice increases lung 

pathology.   

	

	
Figure 4.4. Administration of exogenous EGFR ligands to WT mice increases lung pathology. A. 
20-24 week old WT mice were injected intraperitoneally daily with a combination of HB-EGF and 
AREG (at 2.5 µg/mouse/day each). The mice were intranasally inoculated with either sterile PBS or 
103 pfu of SARS-COV(MA15). Mice were weighed daily for 9 days post-infection and lungs were 
harvested for histology, RNA and estimation of viral titers. 
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Table 4.1. The fibrotic phenotypes of EGFR ligand transgenic and knockout mice. 

 

 
 
 
Table 4.1. The fibrotic phenotypes of EGFR ligand transgenic and knockout mice. 
Several groups have generated transgenic mice expressing the canonical EGFR ligands. 
These mice are viable and show different fibrosis related phenotypes as summarized above. 
Knockout mice are mostly viable with the exception of HB-EGF knockout. The knockouts 
showed increased resistance to fibrosis in the case of TGF-α and AR and increased 
sensitivity to fibrosis in HB-EGF/BTC double knockouts. 
 

Ligand Phenotype in transgenic 
overexpression model 

Phenotype in knockout 
mice 

Betacellulin (BTC) Increased postnatal mortality due 
to lung pathology [128]4]. 

BTC knockout mice have 
no phenotype but 
BTC/HB-EGF double 
knockouts exhibit cardiac 
fibrosis [136]2]. 

Epidermal Growth 
Factor (EGF) 

Defects in growth and 
spermatogenesis [137,138]4]; No 
fibrotic defects reported. 

No fibrosis related 
phenotype reported. 

Transforming Growth 
Factor alpha (TGF- α) 

Spontaneous fibrosis 1 week after 
birth [71]6]. 

Resistance to Bleomycin- 
induced fibrosis [77]2]. 

Heparin Binding 
Epidermal Growth 
Factor (HB-EGF) 

Pancreas specific overexpression 
resulted in pancreatic fibrosis 
[129]5]. 

KO mice lethal shortly 
after birth; BTC/HB-EGF 
double knockouts show 
cardiac fibrosis [136]2]; 
HB-EGF conditional 
knockout induced liver 
fibrosis in a bile duct 
ligation model [134]0]. 

Amphiregulin (AR) Pancreas specific overexpression 
resulted in pancreatic fibrosis 
[139]5]; Role in liver fibrosis 
[131]7]. 

Knockout mice were 
significantly resistant to 
bleomycin induced lung 
fibrosis [140]6]. 

Epiregulin (EREG) No overexpression model; No 
role for fibrosis reported. 

No phenotype for fibrosis 
reported [141]7]. 

Epigen (EPGN) Fibrosis in nerves and 
neurological defects [142]8]. 

No phenotype for fibrosis 
reported [143]9]. 
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Chapter 5: Molecular mechanisms involved in fibrosis. 

Abstract: 

STAT1-deficient mice are much more prone to fibrosis in a bleomycin model of fibrosis. 

One of the differences observed in STAT1-deficient mice was the overactivation of 

STAT3. Both STAT1 and STAT3 are activated downstream of EGFR activation. It is 

also known that STAT1-deficient EGFR expressing cells hyperproliferate [86,144–146], 

but it is unknown how STAT1 controls proliferative responses. In this chapter we provide 

evidence that the kinetics of EGFR signaling with respect to ERK1/2 and AKT activation 

is not altered in the absence of STAT1, but the levels of STAT3 activation may be higher. 

STAT3 activation has a pro-proliferative effect on EGFR expressing cells [87]. Our data 

suggest that after lung injury, STAT3 is overactive in Stat1–/– fibroblasts leading to 

hyperproliferation. Interestingly, hyperproliferation of fibroblasts is one of the main 

causes of fibrosis. Therefore, STAT3 could serve as a target of small molecule inhibitors 

to prevent the progression of PF. 

 

Introduction 

One of the key cellular mediators of fibrosis is myofibroblasts, which are derived from a 

variety of other cell types including fibroblasts. They are activated upon tissue injury by 

paracrine factors secreted by immune cells such as macrophages, autocrine factors secreted 

by other macrophages and PAMPs produced by pathogens that activate TLRs on fibroblasts. 

Cytokines (e.g. TGF-β1), chemokines (e.g. Ccl2), growth factors including EGFR ligands 

and PDGF are all implicated as regulators of fibrosis [1]. However, the precise molecular 

mechanisms underlying the development of fibrosis are not well understood.  One of the 
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main limitations in studying the development of fibrosis is the lack of a suitable in vitro cell 

culture model that could be utilized to examine the kinetics of expression of fibrosis-

associated genes. In this chapter we have selected two cell types to study the induction of 

fibrosis genes. The first model system is an immortalized NIH3T3 fibroblast-derived cell line 

that constitutively expresses a human EGFR (HER1 or ErbB1). The four EGFR family 

members HER1, HER2, HER3 and HER4 signal as homodimers, as well as heterodimers 

with other family members [108]. The parental NIH3T3 fibroblast line does not express any 

of the EGFR family of proteins and a cell line constitutively expressing individual receptors 

is therefore very useful in defining the unique roles of each receptor. The second approach 

consists of adult lung fibroblasts isolated from mice of different genetic backgrounds. The 

advantage of this approach is that the fibroblasts are derived from the lungs and are likely to 

be involved directly in the development of fibrosis and will therefore represent an 

appropriate cell type to study. Another advantage is that the cells are primary and will allow 

us to study fibrotic gene expression in varying genetic backgrounds without introducing 

potential artifacts due to manipulations such as transfections. 

 

NIH3T3(HER1) cells have increased fibrotic gene expression in the absence of 

STAT1. 

In 1996, Zhang et. al. created a series of cell lines expressing different EGFR family 

members [123,147]. These cell lines were generated in an EGFR-deficient NIH3T3 derived 

parental cell line termed NIH3T3(7d) cells. The NIH3T3(HER1) cells were characterized as 

weakly tumorigenic in mouse xenograft models whereas the other EGFR family members 

(HER2, 3, and 4) lacked any tumorigenic activity [123]. We selected the NIH3T3(HER1) cell 
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line to test whether we could induce the expression of fibrotic genes (e.g. Ccl2, Timp1 and 

Col3a1) by the addition of EGFR ligands. Compared to the parental NIH3T3 cell line, the 

NIH3T3(HER1) cell line expressed much higher levels of EGFR (Figure 5.1). Addition of 

EGFR ligands AREG and HB-EGF for 30 minutes did not significantly alter the levels of 

EGFR in these cell lines (Figure 5.1). 

When STAT1 transcript levels were depleted in NIH3T3(HER1) cells using an 

siRNA specific to STAT1, we detected higher levels of EGFR (Figure 2.2B). Since these 

cells constitutively expressed EGFR, transcriptional regulation is unlikely. One possibility is 

that STAT1 controls the basal turnover of EGFR at homeostasis and in its absence EGFR 

accumulates at the cell surface. In the liver and in lung fibroblasts of STAT1 knockout mice, 

increased amounts of EGFR protein can be detected, thus further confirming the role of 

STAT1 in maintaining the basal levels of EGFR. To test whether the activation of EGFR 

signaling in the absence of STAT1 results in higher fibrotic gene expression in the 

NIH3T3(HER1) cells, we depleted STAT1 mRNA using siRNA. We treated the STAT1 

depleted cells with the EGFR ligands HB-EGF and AREG (50 ng/ml) for 24 hours, and RNA 

was extracted and qRT-PCR was performed to examine Ccl2, Timp1 and Col3a1 expression. 

We confirmed knockdown of STAT1 mRNA by qRT-PCR using STAT1 specific primers 

(Figure 5.2, top right panel). Levels of Ccl2, Timp1 and Col3a1 were elevated in the STAT1 

depleted cells that were treated with HB-EGF, but not AREG (Figure 5.2). These data 

indicate that HB-EGF can induce fibrotic gene expression in EGFR expressing fibroblasts in 

the absence of STAT1. 
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The kinetics of EGFR activation is not altered in STAT1 depleted NIH3T3(HER1) 

cells. 

EGFR signaling is activated with rapid kinetics upon ligand binding. Studies using rat 

hepatocytes have revealed that receptor phosphorylation occurs within 15-30 seconds of 

ligand binding [148]. The recruitment of phospho-tyrosine binding proteins occurs rapidly 

upon receptor activation. Within five minutes, the MAP kinases ERK1 and ERK2 are 

activated along with AKT and several other factors including the STATs [149]. ERK1/2 and 

AKT translocate to the nucleus and activate several substrates including transcription factors, 

thereby altering gene expression. The outcome of EGFR signaling is context dependent and 

can affect cell proliferation, migration, survival or cell death. We reasoned that since STAT1 

is an important factor activated downstream of EGFR signaling, we might observe alterations 

in activation kinetics of EGFR in STAT1 depleted NIH3T3(HER1) cells. Thus, we knocked 

down STAT1 in NIH3T3(HER1) cells using a STAT1 specific siRNA and treated the cells 

with either HB-EGF or AREG (50 ng/ml) for 5, 10, 30, 60, 120 and 240 minutes. Western 

blot analysis confirmed that the knockdown of STAT1 was efficient (Figure 5.3, top panel). 

However, the STAT1 depleted NIH3T3(HER1) cells did not exhibit any alterations in 

ERK1/2 or AKT activation. These data suggest that STAT1 does not play a role in 

determining the kinetics of EGFR activation. 

 

Detection of EGFR pathway activation in the lungs of SARS-CoV infected mice. 

We reasoned that the lungs of EGFR(DSK5) and Stat1–/– mice infected with SARS-

CoV would exhibit characteristics of EGFR pathway activation. To examine this notion, we 

performed western blot analysis with lysates from lungs of mice infected for five days with 
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SARS-CoV(MA15). At five days post-infection, WT mice have initiated viral clearance from 

their lungs with concomitant wound healing activity. Thus, we conducted western blotting 

with an anti-phospho-ERK1/2 antibody to examine EGFR activation (Figure 5.4). However, 

we were unable to detect consistent differences between the PBS and SARS-CoV(MA15)-

infected samples. The basal levels of ERK1/2 phosphorylation were elevated in the PBS 

treated lungs (Figure 5.4), and there was significant variability in the intensity of phospho-

ERK1/2 bands between samples. Quantitation of bands did not reveal significant differences 

between groups. Additionally, we were unable to detect EGFR in whole lung lysates from 

either PBS treated or SARS-CoV-infected mice (data not shown).  

 

Adult lung fibroblasts from Stat1–/– mice have higher levels of activated STAT3. 

Fibroblasts are the key cell type that orchestrate wound healing, secreting fresh 

extracellular matrix (ECM) components that serve as a base for new tissue generation 

[1,2,98]. After the completion of wound healing, these fibroblasts diminish in number and 

contract through apoptosis [111]. This process is tightly regulated since a delay in the 

contraction of fibroblast numbers results in fibrosis [1]. To circumvent the technical 

difficulties in detecting the activation of EGFR in whole lung lysates, we isolated fibroblasts 

from the lungs of adult WT and Stat1–/– mice to examine the kinetics of EGFR activation. We 

performed a time course experiment whereby WT and Stat1–/– fibroblasts were treated with a 

combination of HB-EGF and AREG (50 ng/ml) for 1, 5, 10, 30, 60, 120 and 240 minutes. 

Western blot analysis was performed using protein extracts from the ligand-treated cells. 

EGFR phosphorylation occurred by 1 min post-ligand treatment (Figure 5.5, upper panel), 

and total EGFR levels declined by 30 minutes (Figure 5.5, second from top). This was an 
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expected result since EGFR is internalized and degraded once it is activated [106,108–

110,118,150]. However, ERK1/2 phosphorylation kinetics was not altered in the Stat1–/– 

fibroblasts (Figure 5.5, third panel). This experiment corroborated our results using 

NIH3T3(HER1) cells treated with EGFR ligands (Figure 5.3). Activated STAT3 (phospho-

STAT3) was low and barely detectable in WT fibroblasts but much more elevated in Stat1–/– 

fibroblasts (Figure 5.5, lower two panels). This finding was congruent with a previous study 

that reported Stat1–/– fibroblasts treated with EGF or PDGF had elevated levels of activated 

STAT3 [47].  

 

Discussion 

There are several gaps in the understanding of molecular pathways involved in 

fibrosis. We have attempted to use fibroblast-derived cell culture models to dissect the 

molecular events leading to fibrosis. The kinetics of EGFR activation occur within a very 

short time period and a number of different pathways are in turn activated downstream. We 

have focused on the activation of STAT1 and STAT3, mainly because of the complimentary 

functions of these two versatile transcription factors. EGFR signaling activates both STAT1 

and STAT3 and the balance of the two signals determines whether the cell is pro-migratory 

[85] and anti-proliferative [86] (STAT1 signaling) or pro-proliferative [87] and anti-apoptotic 

[151] (STAT3 signaling). STAT1-deficient mice have a striking pulmonary fibrosis 

phenotype in our SARS-CoV infection model of lung injury [45,82,88], and also in a 

bleomycin model of lung injury [47]. Additionally, our data suggest that EGFR trafficking 

upon activation may be defective in the absence of STAT1.  
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The use of TKIs in cancer patients raises the risk and incidence of lung diseases such 

as ILD [65]. Use of anti-EGFR monoclonal antibody Panitumumab for cancer therapy 

carried similar risks [66,67]. Studies in mice have also indicated that Gefitinib could have 

adverse effects on lung health [68]. Taken together, these studies suggest that inhibiting 

EGFR signaling increases the risk of pulmonary fibrosis. Given the wide-ranging functional 

effects of EGFR signaling, the entire pathway should not be targeted. Viable EGFR signaling 

is crucial for the early stages of wound healing, and TKIs and monoclonal antibodies to 

EGFR hinder this process and the resolution of lung injury thus leading to fibrosis. Targeting 

a specific pathway of the signaling cascade may potentially minimize the risks of side effects 

caused by EGFR inhibition. Taken together, our data imply that an overactive EGFR 

signaling pathway results in fibrosis in a STAT3-dependent manner. However, the reason 

why STAT3 is overactive in Stat1–/– cells remains unknown. Both STAT1 and STAT3 have 

SH2 domains that bind to phospho-tyrosine residues in the C-terminal tail of EGFR. It is 

possible that STAT1 and STAT3 compete for binding sites and in the absence of STAT1 

STAT3 can associate freely with phospho-tyrosines on the EGFR C-terminal domain and be 

overactivated. The precise mechanism will need to be investigated in greater detail in future 

studies. Nevertheless, we believe that STAT3 could serve as a novel target for the disruption 

of pro-proliferative signaling downstream of EGFR.  

 

 

Methods 

Viruses, cells and antibodies. The generation of SARS-CoV (MA15) has been 

previously described [122]. SARS-CoV (MA15) stocks were prepared, titered and stored 
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at −80°C. Vero E6 cells (ATCC, Manassas, VA; Cat No. CRL-1586;) were grown in 

minimal essential medium (MEM) (Corning/CellGro, Manassas, VA; Cat No. 10-010-

CV) supplemented with 10% fetal bovine serum (FBS) (Sigma, St. Louis, MO; Cat No. 

F4135), 2mM L-Glutamine (ThermoFisher, NY; Cat No. 25030081), and 1% 

penicillin/streptomycin (Gemini Bioproducts, West Sacramento, CA).  NIH3T3(7d)-

HER1 stable cells were a gift from Dr. Anne Hamburger (Department of Pathology, 

UMB), and were grown in Dulbecco's modified Eagle's medium (DMEM) 

(ThermoFisher, NY; Cat No. 11965118) supplemented with 10% heat inactivated fetal 

bovine serum and 500 µg/ml Geneticin (ThermoFisher, NY; Cat No. 10131-035) at 37°C 

in a 5% CO2 incubator. The generation of NIH3T3(7d)-HER1 cells has been described in 

Cohen et al. (1996) [123]. Antibodies used were EGFR (Clone D3881, Cell Signaling 

Technologies [CST]; Cat No. 4267), P-ERK1/2 (CST; Cat No. 9101), ERK1/2 (CST; Cat 

No. 9102), β-tubulin (Sigma, St. Louis, MO; Cat No. T5201), proliferating cell nuclear 

antigen (PCNA) (Clone PC10, CST; Cat No. 2586). 

 

siRNA knockdown of genes. NIH3T3(7d)-HER1 cells were seeded at a density of 

75,000 cells per well of a 12-well plate and allowed to adhere overnight. siRNA for 

STAT1 (Dharmacon/GE Healthcare; Cat No. L-058881-00-0005) or a non-targeting 

control (Cat No. D-001810-10-50) were transfected using the Lipofectamine® 

RNAiMAX Transfection Reagent (ThermoFisher, NY; Cat No. 13778150) according to 

manufacturer’s instructions. 48 hours post-transfection, cells were harvested for gel 

electrophoresis by lysing the cells directly in 1X Laemmli sample buffer or for RNA 

extraction in Trizol (ThermoFisher, NY; Cat No. 15596026).  
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Mouse breeding. 129S1/SvImJ (WT mice) and C57Bl/6 mice were purchased from 

Jackson Laboratories (Bar Harbor, ME). Stat1–/– mice were a gift from Dr. David Levy 

(New York University [NYU]), and EGFR(DSK5) mice [76] were a gift from Dr. David 

Threadgill (Texas A&M University). Mice were bred and housed in the animal facilities 

at the UMB. Since the EGFR(DSK5) mutation is a dominant mutation, EGFR(DSK5) 

heterozygotic males were bred with WT 129S1 females.  

 

In vivo mouse infections. All SARS-CoV infections of mice were performed in an 

animal biosafety level 3 (ABSL3) facility at the UMB, MD, using appropriate practices 

as described previously [45]. Mice were euthanized at various time points and lung tissue 

was harvested for further analysis. 

 

Isolation of mouse lung fibroblasts. Mouse lung fibroblasts were isolated with some 

modifications to the procedure described by Seluanov et al. [99]. In brief, mouse lungs 

were dissected and rinsed in PBS to remove as much blood as possible. Lungs were 

processed using a lung dissociation kit (Miltenyi Biotech, San Diego, CA; Cat No. 130-

095-927) as per manufacturer’s instructions. After the second disruption step using the 

GentleMACS dissociator, all the cells along with any unprocessed chunks of lung tissue 

were washed once in sterile PBS. After this wash, cells were resuspended in DMEM/F12 

(50/50) media with 15% FBS, 1X antibiotic/antimycotic and plated in a T175 flask. The 

flask was monitored daily to detect fibroblasts adhering to the surface. After 3-4 days, the 

medium with unadhered cells was centrifuged, and cells resuspended in fresh medium 
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and transferred to a new flask to obtain more fibroblasts. Any adhered fibroblasts in the 

first flask were grown for ~10-14 days and pooled with fibroblasts obtained from the 

second flask. When the cells attained confluence, they were cryopreserved in freezing 

medium (DMEM/F12 medium with 50% FBS, antibiotics and 10% DMSO) for long-term 

storage in liquid nitrogen. 

 

cDNA synthesis and real-time PCR. RNA was quantitated when possible and ~100-500 

ng of RNA was used per reaction. If RNA extraction was performed in BSL3 conditions, 

quantitation was not possible and 5 µl of RNA was used per cDNA synthesis reaction. 

cDNA synthesis was performed using the RevertAid kit (ThermoFisher, NY). 

Manufacturer’s instructions were followed with a total reaction volume of 20 µl per 

sample. After cDNA synthesis, the volume of the reaction was adjusted to 100 µl with 

ultrapure water and further diluted 10-fold for PCR using Taqman gene expression assay 

primers (ABI/ThermoFisher, NY). 18s rRNA levels were used to normalize RNA levels 

for real-time PCR. 

 

Western blots. Protein samples were prepared in 1X lysis buffer (50mM Tris/HCl [pH 

7.4], 1% Triton-X 100, 150mM NaCl, 2mM EDTA, 1% NP-40) containing protease and 

phosphatase inhibitors. For lung lysates from SARS-CoV (MA15)-infected mice, after 

mixture with the above lysis buffer, a secondary lysis was performed using an SDS 

containing lysis buffer (final: 20 mM Tris-HCl [pH 7.6] , 150 mM NaCl, 1 % NP-40, 

0.5% Sodium Dodecyl Sulphate (SDS) and 5 mM EDTA). Protein amounts were 

quantified by Bradford assay (Sigma, St. Louis, MO; Cat No. B6916) to normalize 
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amounts before loading. Samples were resolved by SDS-PAGE on 4-20% gradient TGX 

gels (Bio-Rad, Hercules, CA; Cat No. 456-1093 or 456-1096) and transferred to 

Polyvinylidene fluoride (PVDF) membranes (EMD Millipore, Billerica, MA; Cat No. 

IPFL00010) by the wet transfer method (BioRad/ThermoFisher, NY; XCell SureLock™ 

Mini-Cell Transfer System). Transferred membranes were blocked in 5% milk and 

probed with primary and HRP-conjugated secondary antibodies as per manufacturer’s 

recommendations. Blots were developed using ECL Prime western blotting reagent 

(Sigma, St. Louis, MO; Cat No. GERPN 2232) as per manufacturer’s instructions. Image 

acquisition was performed using a ChemiDoc (Bio-Rad, Hercules, CA). Image analysis 

and quantitation was performed using the ImageLab software (Bio-Rad, Hercules, CA). 

Densitometry values were obtained from bands of images that were not overexposed 

using volume tools. Background was adjusted for each band locally. Values were 

normalized against a house keeping protein (β-tubulin) and relative expression values 

were calculated using one control condition (PBS treated or untreated) as a reference 

point. 
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Figure 5.1. Expression of EGFR in NIH3T3 and NIH3T3(7d) cells with a stably 

integrated EGFR expressing plasmid.  

	

	
Figure 5.1. Expression of EGFR in NIH3T3 and NIH3T3(7d) cells with a stably integrated 
EGFR expressing plasmid. A. NIH3T3 parental cell line and NIH3T3 constitutively 
expressing EGFR were treated with HB-EGF and AREG at 50 ng/ml for 30 minutes. Protein 
lysates were prepared from cells and western blot analysis was performed with anti-EGFR and 
anti-tubulin antibodies.  
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Figure 5.2. Fibrotic genes are induced in EGFR ligand-treated NIH3T3(HER1) 

cells.   

	

	
Figure 5.2. Fibrotic genes are induced in EGFR ligand-treated NIH3T3(HER1) cells. 
NIH3T3(HER1) cells were transfected with an siRNA to either STAT1 or a non-targeting 
control. 48 hours after transfection, the cells were treated with HB-EGF or AREG at 50 
ng/ml for a further 24 hours. RNA was extracted from cells and transcript levels were 
measured by qRT-PCR. 
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Figure 5.3. EGFR signaling kinetics are unchanged in STAT1-depleted 

NIH3T3(HER1) cells.   

	

	
Figure 5.3. EGFR signaling kinetics are unchanged in STAT1-depleted 
NIH3T3(HER1) cells. NIH3T3(HER1) cells were transfected with an siRNA to either 
STAT1 or a non-targeting control. 48 hours after transfection, the cells were treated with 
HB-EGF or AREG at 50 ng/ml and protein extraction was performed on the cells at the time 
points indicated above the blot. Western blot analysis was performed using anti-STAT1, 
anti-phospho-ERK1/2, anti-phospho-AKT and tubulin. 
	



	 93	

Figure 5.4. Activation of EGFR signaling in the lungs of infected WT, EGFR(DSK5) 

and STAT1 knockout mice.   

	

	
Figure 5.4. Activation of EGFR signaling in the lungs of infected WT, EGFR(DSK5) 
and STAT1 knockout mice. A. WT and EGFR(DSK5) mice were infected with SARS-
CoV(MA15) for 5 days to examine EGFR pathway activation. Lungs were lysed in SDS 
lysis buffer and Laemmli sample buffer prior to western blot analysis. The blots were 
probed with anti-phospho-ERK1/s, anti-total ERK1/2, anti-STAT1 and anti-tubulin 
antibodies. B. Western blot analysis from PBS treated and SARS-CoV-infected WT and 
Stat1–/– mice performed similar to the experiment in panel A. The lanes in panel B have 
been rearranged to reflect the same loading order as panel A and the bands themselves have 
not been altered in any way. 
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Figure 5.5. Adult mouse lung fibroblasts from STAT1 knockout mice do not exhibit 

altered EGFR signaling kinetics but have increased levels of active STAT3. 

  

	

	
Figure 5.5. Adult mouse lung fibroblasts from STAT1 knockout mice do not exhibit 
altered EGFR signaling kinetics but have increased levels of active STAT3. Lung 
fibroblasts were isolated from WT and Stat1–/– mice as described in the Methods section. 
Cells were treated with 50 ng/ml of recombinant HB-EGF and AREG. Cells were lysed to 
extract protein at the different time points indicated above the blot. Western blot analysis 
was performed using anti-phospho-EGFR, anti-EGFR, anti-phospho-ERK1/2, anti-ERK1/2, 
anti-phospho-STAT3 and anti-STAT3 antibodies to examine the activation of EGFR 
signaling. 
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Chapter 6: Concluding remarks and future directions. 

The outbreak of SARS-CoV in 2003/2004 had severe consequences on the long-

term lung function of survivors. Long-term follow up studies revealed that a significant 

subset of survivors suffered from compromised lung function showing radiological signs 

of fibrosis, with elderly patients being disproportionately affected [24,29,115]. There are 

currently no predictive markers to identify who is at high risk of developing fibrosis after 

lung injury. Studies from our laboratory and others have shown that a SARS-CoV 

infection of STAT1 knockout mice reproducibly causes lung fibrosis [45,82,88]. We have 

now shown that STAT1 knockout mice express higher levels of EGFR in their lungs and 

display signs of overactive EGFR signaling after lung injury caused by SARS-CoV. We 

have summarized below some of the other work in progress and discuss the future 

directions of our study. 

 

Stat1–/– fibroblasts exhibit accelerated wound healing kinetics. 

We have provided evidence that SARS-CoV-infected Stat1–/– mice exhibit 

increased wound healing marker expression in their lungs after the virus has been cleared. 

This can be attributed to the development of fibrosis. To examine this hypothesis using a 

different approach, we performed a cell gap migration assay (CGMA) in fibroblasts to 

measure the rate at which a confluent fibroblast monolayer can ‘repair’ a wound created 

by scratching the monolayer using a pipette tip. When tissue is injured, the fibroblasts are 

activated and differentiate into myofibroblasts. The myofibroblasts sense the edges of the 

wound, fill the gap and contract to close the wound. The CGMA can be used as an in 

vitro surrogate to recreate this crucial step in wound healing. Our data reveal that Stat1–/– 
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fibroblasts can indeed bridge the wound at a faster rate than WT fibroblasts. This 

suggests that Stat1–/– cells have accelerated wound healing kinetics (Figure 6.1). Since 

STAT1 is thought to trigger anti-proliferative and pro-migratory effects downstream of 

EGFR, this is likely due to faster proliferation of fibroblasts rather than faster migration. 

This notion will be tested in future studies. 

 

The inhibition of EGFR signaling in Stat1–/– mice using TKIs increased mortality. 

One of the key discoveries of our work is that sustained EGFR signaling results in 

fibrosis. We predicted that administration of TKIs would prevent SARS-CoV-infected 

Stat1–/– mice from developing fibrosis. We tested this idea by administering afatinib, a 

powerful second generation TKI that antagonizes WT and mutant EGFR, ErbB2 and 

ErbB4 [152–154]. We infected WT and Stat1–/– mice with SARS-CoV(MA15) at 105 

pfu/mouse and administered afatinib every day at 25 mg/kg/day for each mouse. We 

monitored body weight and clinical symptoms of the mice daily for 9 days. The WT mice 

lost ~15% of their body weight before gradually recovering from the infection. However, 

the Stat1–/– mice showed much more severe clinical symptoms. Specifically, 100% 

mortality was observed in the afatinib treated SARS-CoV-infected Stat1–/– mice by 6 

days post-infection (Figure 6.2). The carrier (solvent for afatinib – 0.5% methyl cellulose 

and 0.2% Tween-80 in dd. H2O) treated SARS-CoV-infected Stat1–/– mice all survived 

up to day 8 post-infection. This data suggested that afatinib administration accelerated 

mortality in SARS-CoV-infected STAT1 knockout mice. 

 EGFR activity is required for the early stages of the wound healing process. We 

reasoned that early interruption of the wound healing process using a TKI exacerbated 
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lung pathology resulting in mortality of Stat1–/– mice. To circumvent this issue, we 

repeated the experiment by delaying the administration of afatinib. Peak viral loads are 

achieved two days after a SARS-CoV infection in WT mice. By day 5 post-infection, 

virus levels began to decline and the wound healing process was active in lungs. Virus 

was cleared by 9 days post-infection and lung architecture was restored to normal. We 

reasoned that administration of afatinib in Stat1–/– mice at 5 days post-SARS-CoV 

infection would not interfere with the initial stages of wound healing, but will abrogate 

persistent EGFR signaling that leads to fibrosis. We also lowered the dose from 

25mg/kg/day to 10mg/kg/day to reduce the adverse effects of afatinib that were observed 

in WT mice. To test this notion, we infected WT and Stat1–/– mice with SARS-

CoV(MA15) and administered afatinib (10 mg/kg/day) starting at day 5 post-infection. 

We monitored weight loss and clinical symptoms of mice daily for 9 days. We found that 

afatinib was well tolerated by WT and Stat1–/– mice (Figure 6.3). The delayed 

administration of afatinib did not cause increased mortality in mice. However, body 

weights of Stat1–/– mice treated with afatinib continued to decrease at the same rate as the 

carrier-treated STAT1 knockout mice. Our data suggest that afatinib treatment after 5 

days post-infection, while not deleterious to Stat1–/– mice, was also not effective in 

preventing mortality caused by fibrosis. 

 

Future directions. 

Based on our work thus far, it appears that EGFR signaling does indeed play an 

important role in the development of fibrosis. We have evidence that the pro-proliferative 

effects of EGFR are mediated through STAT3, and this is further supported by other 
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studies that have shown a similar role for STAT3 [47,87,151]. Our work also suggests 

that targeting EGFR signaling to attenuate the progression of fibrosis may not represent a 

viable strategy. This is further supported by the observation that inhibition of EGFR in 

cancer patients increases their risk of developing ILD. Both our work and studies from 

other groups imply that the pro-fibrotic phenotype observed in Stat1–/– mice is due to the 

overactivation of STAT3 [47]. Our future work will focus on the inhibition of the STAT3 

signaling arm of EGFR signaling. A number of novel STAT3 inhibitors have been 

recently developed [155–158], and our future goal will be to evaluate these drugs in in 

vitro and in vivo model systems to assess their effectiveness in preventing the 

development of fibrosis.  
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Figure 6.1. STAT1-deficient fibroblasts bridge wounds faster than WT cells. 

	

	
Figure 6.1. STAT1-deficient fibroblasts bridge wounds faster than WT cells. A. WT and 
Stat1–/– fibroblasts were grown to confluence on a 6-well plate. A scratch was created with a 
pipette tip and the scratched region was imaged at 0, 20 and 43 hours. B. The area between the 
edges of the wound was measured at these time points. Bars represents an average of five area 
measurements. 
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Figure 6.2. STAT1-deficient mice treated with afatinib (starting at day 0) have 

increased mortality compared to untreated Stat1–/– mice.   

	

	
Figure 6.2. STAT1-deficient mice treated with afatinib (starting at day 0) have increased 
mortality compared to untreated Stat1–/– mice. Weight loss curves of WT and Stat1–/– mice 
intranasally inoculated with either PBS or SARS-CoV(MA15) followed by the administration 
of Afatinib at 10mg/kg/day per mouse starting on the same day as infection. 
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Figure 6.3. STAT1-deficient mice treated with Afatinib (starting at day 5) recover 

similar to WT mice. 

 

	

	
Figure 6.3. STAT1-deficient mice treated with Afatinib (starting at day 5) recover similar 
to WT mice. Weight loss curves of WT and Stat1–/– mice intranasally inoculated with either 
PBS or SARS-CoV(MA15) followed by the administration of Afatinib at 10mg/kg/day per 
mouse starting at day 5 post-infection. 
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