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Abstract 

 

 Idiopathic Pulmonary Fibrosis (IPF) is a highly debilitating lung disease with no known 

cure1–3. Previous work has shown that monocytes and macrophages are critical in the 

development and progression of pulmonary fibrosis in animal models4–7. As such, the 

overarching theme of this dissertation is to further explore myeloid cell regulation of lung 

fibrosis and specifically, to better understand how macrophages and macrophage-associated 

factors may be regulating fibrosis.  

 This dissertation is comprised of two distinct but interrelated projects. The first set out to 

characterize the soluble products of proinflammatory (M1-like) and profibrotic (M2-like) 

macrophages to investigate how these factors mediate fibrosis and influence structural cells of 

the lung. Using M1- and M2-polarized bone marrow-derived macrophages (BMDMs) in an in 

vitro model, the data showed that M1-like and M2-like BMDMs have different gene expression 

profiles based on RNAseq analyses, with M2-like BMDMs containing gene clusters with higher 

enrichment for cell processing as well as increased expression for secreted proteins. While M2 

supernatant increased profibrotic characteristics of fibroblasts and alveolar epithelial cells 

(AECs) compared to cells treated with M1 supernatant, all effects could be attributed to the 

lingering presence of IL-4 and IL-13, which was required to polarize the BMDMs to an M2 

phenotype. The presence of a M2 protease(s) able to yield a false positive in an assay of AEC 

apoptosis by direct cleavage of the Caspase-Glo 3/7 substrate was also noted. Together, this 

work provides a novel M1-M2 transcriptome database, confirms profibrotic effects noted by M2 
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supernatant in pulmonary structural cells in vitro, and provides new evidence that profibrotic 

effects associated with M2 macrophages are likely related to polarization cytokines found in the 

fibrotic milieu. 

In the second project, the aim was to characterize the role of a known M2-associated 

growth factor, heparin-binding epidermal growth factor-like growth factor (HB-EGF) to 

determine if it acts as a major myeloid-derived profibrotic effector. The findings demonstrated 

that faster-progressing IPF patients had higher levels of both HB-EGF and its receptor, epidermal 

growth factor receptor, using SOMAmer technology, and also showed that HB-EGF expression 

is increased in lung macrophages of fibrotic mice. In addition, the results proved that mice 

lacking HB-EGF from the myeloid compartment (Hbegff/f;Lyz2Cre mice) are protected from 

bleomycin-induced fibrosis as evidenced by decreased levels of hydroxyproline and profibrotic 

gene expression. This protection is likely multifactorial, caused by genotypic differences in 

CCL2-dependent monocyte migration, decreased fibroblast migration, and decreased 

contribution of HB-EGF from AEC sources when HB-EGF is removed under the Lyz2Cre 

promoter. 

In summary, this work has explored the profibrotic impacts of M2-polarized 

macrophages and demonstrated a profibrotic effect of M2-derived HB-EGF on myeloid cell 

accumulation and fibroblast migration in lung fibrosis. 
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Chapter 1: Introduction 

1.1 IPF: Epidemiology, Diagnosis, Pathogenesis and Treatment 

Idiopathic pulmonary fibrosis (IPF) is a chronic fibrosing interstitial lung disease of 

unknown etiology with no known cure8–10. IPF accounts for 20% of all cases of ILD and is 

recognized as the ILD with the most severe manifestations and the poorest outcomes11,12. Experts 

consider IPF to be a form of aberrant wound healing where repeated microinjuries to the 

epithelium disrupt the epithelial barrier, promote fibroblast activation and lead to excessive 

deposition of extracellular matrix (ECM) proteins. Together, these culminate in scar formation, 

impaired gas exchange, and eventual death. Work in the last two decades has made great 

progress further categorizing IPF clinically and identifying possible risk factors, an important 

step towards understanding and developing a cure for this disease.  

1.1.1 Epidemiology 

The most lethal of the interstitial lung diseases, IPF causes mortality in over 50% of 

patients within three years of diagnosis, giving it a mortality rate higher than all cancers 

excepting pancreatic and lung3,13–16 (Figure 1). Though IPF is often considered a rare disease, 

occurring at the same frequency as stomach, brain, and testicular cancers, it is estimated that over 

3 million individuals worldwide are currently diagnosed with IPF and that its incidence and 

prevalence are on the rise1,17. For example, in 2010, the prevalence of IPF was estimated between 

6-131 individuals per 100,000 persons with an incidence of 3-28 individuals per 100,000, nearly 

twice as high as the numbers recorded 10 years earlier16,18,19. As individuals worldwide continue 
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to live longer, the likelihood of increased IPF prevalence and the overall impact of IPF on 

patients, their families, and the healthcare system will continue to increase.  

 
Figure 1: IPF has a poor survival rate compared to different types of cancer. From 

http://www.manageipf.com/about-ipf 

Although IPF has no known cause, it does have associated risk factors. With a median 

diagnosis at age 65 years, age is arguably the most common and most important risk factor1,20. 

Though an IPF diagnosis is atypical for individuals under 50 years, the prevalence of IPF nearly 

doubles with every decade of life thereafter21,22. Like age, male sex is also significantly 

associated with higher incidence of IPF17. Other non-genetic risk factors of IPF include a history 

of cigarette smoking, chronic viral infections, and a family history of ILD3,17,23. Many genetic 

predispositions to IPF have been determined by examining families with high rates of pulmonary 

fibrosis. These include mutations in genes associated with surfactant dysfunction (e.g. SFTPC, 

SFTPA2), epithelial barrier function (e.g. DSP), host defense (e.g. MUC5B, TOLLIP), and 

telomere biology and maintenance (e.g. TERT, TERC, OBFC1)1. Of these categories, telomere 

biology and host defense have generated the most interest recently. Increased injury to alveolar 
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epithelial cells (AECs) prompts increased cell division, which in turn shortens AEC telomeres 

and ages the AECs prematurely in a manner that is sufficient to cause lung remodeling and 

fibrosis in animal models and in humans24–27. MUC5B, a secreted mucin protein associated with 

host defense, is also an area of interest as a mutation in this promoter is reported in 30-35% of 

IPF patients and associated with IPF risk26,28. 

1.1.2 Diagnosis 

By definition, IPF is characterized by the presence of a histopathologic or radiographic 

pattern termed usual interstitial pneumonia (UIP) in the absence of any identifiable associated 

environmental or occupational exposures or conditions10. Clinically, patients may first present 

with shortness of breath during exercise, which eventually progresses to difficulty breathing at 

rest1. These patients are often plagued by a chronic unproductive/dry cough, fatigue, and may 

show signs of digital clubbing1,23. Physical exams of patients typically reveal a Velcro-like 

crackling in the lungs and pulmonary function tests demonstrate low forced vital capacity (FVC), 

abnormal gas exchange with reduced carbon monoxide diffusion, and resting hypoxemia1,20.  

The presence of UIP verified through high-resolution computed tomography (HRCT) is 

currently the most reliable indicator of IPF diagnosis1,23,29. At low magnification, IPF lungs 

display dense patches of fibrosis alongside histopathologically normal regions of tissue29. 

Radiographically, these patches of fibrosis show remodeled lung architecture including 

irreversible dilation of the bronchi and bronchioles, presence of ground-glass opacification, and 

fine reticulation23. Most notably, IPF lungs show honeycombing, which are clustered cystic 

airspaces with thick well-defined walls23. These characteristics can be seen in Figure 2. Despite 

defined disease characteristics, IPF can still be challenging to diagnose20. This is largely because 

the classic UIP radiologic pattern is also a hallmark of other idiopathic interstitial pneumonias 
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and interstitial lung diseases such as connective tissue disease, chronic hypersensitivity 

pneumonitis, drug toxicity, or asbestosis20. Misdiagnosis of IPF often leads to incorrect treatment 

of IPF with immunosuppressive therapy and is associated with a high mortality rate20. In cases 

where HRCT images do not reveal a definite diagnosis of UIP, clinicians may opt for lung 

biopsy to help exclude other fibrotic lung diseases presenting with only ground glass without a 

definitive UIP pattern30. Despite their reliability, lung biopsies are not always the best course of 

action, as the risks may outweigh the potential benefits of diagnostic information, particularly if 

the disease is presumed to be at an advanced state or is in an older individual.  

 
Figure 2: High Resolution Axial CT images of Normal and IPF lungs. Arrow indicates UIP predominant basal 

abnormalities with sub-pleural honeycombing (adapted from www.PILOTforIPF.org). 

1.1.3 Pathogenesis and Treatment 

IPF is a fatal lung disease with a disease course that is variable and unpredictable. While 

many patients with IPF will experience a gradual decline in lung function over several years, it is 

also possible for patients to either remain relatively stable or to decline rapidly. Patients who 

experience a rapid decline generally do so as a result of an acute exacerbation(s)20. These are 

often unpredictable, hard to anticipate, and idiopathic in nature31.  

http://www.pilotforipf.org/
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Though IPF has no cure, there are several options available to patients that can help 

improve quality of life and sometimes length of life. Pulmonary rehabilitation has been shown to 

improve exercise capacity and health-related quality of life20. For some others, lung 

transplantation can also be an option. Although there have been no reported incidences of IPF 

development in transplanted lungs, transplants themselves come with many complications 

including primary graft dysfunction, acute or chronic allograft rejection, and risk of 

cytomegaloviral or other infections20. Consequently, only 66% of transplant recipients with IPF 

will survive for more than three years after transplantation and only 53% of patients remain in 

adequate health after five years20,32.  

 Fortunately, there are two drugs on the market currently available to IPF patients: 

nintedanib and pirfenidone. Both FDA-approved in 2014, nintedanib and pirfenidone have 

demonstrated an ability to slow disease progression, though neither is curative12,33–41. Originally 

developed as a cancer treatment, nintedanib is a tyrosine kinase inhibitor that targets vascular 

endothelial growth factor (VEGF) receptors 1-3, fibroblast growth factor (FGF) receptors 1-3, 

and the platelet-derived growth factor (PDGF) receptor20,42. As each receptor has profibrotic 

capabilities, nintedanib’s success is likely caused by its global inhibition of these highly similar 

pathways42. By inhibiting the FGFRs and PDGFRs, nintedanib helps decrease proliferation of 

fibroblasts and smooth muscle cells42, and by inhibiting the VEGFRs, nintedanib helps alter a 

primary mediator of angiogenesis driving endothelial proliferation and vessel formation43. 

Pirfenidone is an organic compound with combined anti-inflammatory, antioxidant, and 

antifibrotic effects1,20. Although its precise mechanism of action is unknown, pirfenidone has 

shown to inhibit collagen synthesis, reduce fibroblast proliferation, and downregulate 

transforming growth factor (TGF)-β and tumor necrosis factor (TNF)-α in animal models20,44,45. 
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In IPF patients, both nintedanib and pirfenidone have been shown to slow the rate of forced vital 

capacity (FVC) decline in one year by 50% and reduce severe respiratory events such as acute 

exacerbations and hospitalizations for respiratory events36,37,46. Studies suggest that one effect of 

these drugs might be to limit the development of further lung injuries in IPF patients29. Though 

clinicians also hope to see development and characterization of biomarkers that could be used for 

diagnosis, progression, and response to therapy, no biomarkers have yet been verified for clinical 

practice1. 

1.1.4 Animal Models of Fibrosis 

Because human fibrotic lung disease is often advanced at diagnosis and effective 

therapies are limited, there is a critical need for experimental models that will allow for 

mechanistic studies of factors regulating fibroproliferation, AEC injury, immune cell infiltration, 

and crosstalk between many cell types. Although animal models are not typically progressive, 

nor are they able to replicate all of the disease features seen in human patients, these models are 

extremely valuable for their ability to provide insight into cell-specific lung injury and 

mechanisms leading to inflammation and fibroproliferation5. To that end, numerous rodent 

models have been described which mimic features of human fibrotic lung disease. The best 

characterized and most widely used model is bleomycin administration (described below). 

However, other models are also prevalent. These include use of particulates such as fluorescein 

isothiocyanate (FITC), silica, asbestos, and carbon nanotubes, which are particularly useful in 

inducing a more lasting fibrotic phenotype5,47–55. Other models induce overexpression of 

cytokines either genetically or through adenoviral vector transduction: in addition to interleukin 

(IL)-1β and IL-13 overexpression, TGFβ, TNFα, and TGFα overexpression models are favored, 

as these cytokines are known to be elevated in lung fibrosis and other forms of lung 
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injury5,56,65,57–64. Targeted AT2 injury, where the diphtheria toxin receptor is genetically 

expressed under the AT2-specific promoter for surfactant protein C (SPC), is an effective 

fibrosis model for studying downstream effects of perpetual and wide-spread lung epithelium 

injury66. Other approaches can use radiation, viral-mediated models of fibrosis, or humanized 

models of fibrosis24,65,67–70. 

Bleomycin administration is the most commonly employed murine model of fibrotic lung 

disease and causes obvious fibrosis in C57Bl/6 mice, seen in hydroxyproline accumulation (a 

surrogate for collagen deposition) and/or lung histology (Figure 3)48,71. Bleomycin is used in the 

clinic as a chemotherapeutic agent; however, its resulting lung toxicity acts as a limiting factor in 

its effectiveness for human patients. Delivery of bleomycin directly to the lung results in injury 

via induction of DNA strand breaks, generation of free radicals, and induction of oxidative 

stress48,71,72. Cell death then occurs (both necrosis and apoptosis), stimulating chronic 

inflammation, deposition of provisional matrix and eventual development of fibrosis48. In mice, 

bleomycin can be delivered by multiple methods, including intratracheal (i.t), intraperitoneal 

(i.p.), subcutaneous, intravenous (i.v.), and inhalational methods48,73. A single i.t. dose of 

bleomycin generally elicits a disease course characterized by lung injury (days 1-5), acute 

inflammation (days 3-10), fibroproliferation (days 7-14) and deposition of ECM, alveolar 

distortion and chronic inflammation by day 2174. The disease course is self-limiting and may 

start to show resolution starting at day 35, but there are some conflicting reports on the timing of 

resolution75–80. Because of changing animal welfare guidelines, many laboratories have shifted to 

oropharyngeal (o.p.) administration as it eliminates the need for surgical cut-down of the trachea 

for direct lung delivery. Few if any changes in fibrotic onset and development have been noted 

between the two methods81. Consequently, I use single o.p. administration of bleomycin 
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throughout this dissertation exclusively, both to keep with best animal practice recommendations 

and to provide novel data in a context most usable to others working in the field of fibrosis. 

 
Figure 3: Trichrome blue-stained lung histology sections of saline (A) and bleomycin-treated (B) C57Bl/6J 

mice after 21 days. While the lungs of saline-treated mice depict a healthy lung (A), bleomycin-treated mouse lungs 

have increased number of immune cells, increased collagen deposition (blue), and increased interstitial thickening 

by comparison (B). Adapted from Moore et al., 2013, Am J Respir Cell Mol Biol. 

1.2 Relevant Background Information for Chapter 2 

1.2.1 Roles of Fibroblasts and AECs in Fibrosis 

One of the major challenges of IPF research is its being a disease of unknown etiology. 

Historically, IPF was thought to be an exclusively fibroblast-epithelial disease, where multiple 

cycles of epithelial cell injury and activation prompted the migration, proliferation, and 

activation of fibroblasts that then led to excessive extracellular matrix protein (ECM) deposition 

and abnormal wound repair15. Research conducted throughout the last two decades has expanded 

and refined this paradigm to also include immune cells in the development and progression of 

fibrosis3,4,6,9,82,83. Monocytes and macrophages have received particular attention because of their 

plasticity, proximity to the epithelium, and their abilities to crosstalk with these structural cells of 

interest3,14,83–85. A primary goal of this dissertation work is to further elucidate the role of 

macrophages in fibrosis and more on this topic will be described below. However, the 
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importance of fibroblasts and AECs to the development, progression, and perpetuation of fibrosis 

cannot be understated.  

Fibroblasts are a mesenchymal cell type present in many organs including the lung. A 

structural cell, fibroblasts help maintain normal tissue architecture in the lung through the 

deposition of ECM proteins including multiple forms of collagen (I, III, IV, V, VI), 

glycoproteins, and proteoglycans (fibronectin, hyaluronan, laminin)86. Injury to the lung 

epithelium prompts AECs to release many soluble factors such as TGF-, PDGF, connective 

tissue growth factor (CTGF), IL-4, and IL-13 that induce immune cell recruitment and expansion 

of fibroblasts85. These fibroblasts are thought to both proliferate and migrate and produce ECM 

proteins to restore the integrity of the epithelium. Though beneficial in a normal wound-healing 

model, in IPF there is excessive ECM protein deposition that causes destruction of normal lung 

architecture (Figure 4). At the same time, −smooth muscle actin (SMA)-positive 

myofibroblasts are activated and contract the lung tissue, which stiffens the lung and further 

impedes gas exchange87. To model these changes in vitro and probe questions relating to 

causative factors and timing of these events, researchers commonly use proliferation assays, 

migration assays (scratch wound), and western blots that examine the amount of profibrotic 

protein (periostin, SMA, collagen I) produced in pulmonary fibroblasts85,88. 
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Figure 4: Schematic of IPF injury. Pulmonary fibrosis is thought to be the combined result of AEC injury, chronic 

immune cell recruitment and activation, and excessive deposition of fibroblast extracellular matrix proteins. 

 

AECs compose the epithelial lining of the lungs. There are two types of AECs. AT1s 

cover over 90% of the alveolar surface area in the lung and are primarily responsible for gas 

exchange in concert with pulmonary capillaries15. AT2s are known for their role in surfactant 

secretion, stem-like progenitor function, and regenerative roles in the alveolus to maintain lung 

homeostasis12,15. In IPF, the integrity of the epithelium is highly diminished and re-

epithelialization is relatively disordered15. Apoptosis is likely an essential feature of IPF: studies 

show that IPF patients have a depleted AT2 population as well as increased levels of AT2 

apoptosis compared to healthy controls15,89–91. The precise mechanism of AEC apoptosis has yet 

to be determined. In IPF lungs and murine models, the Fas-FasL pathway has several 

components that are upregulated in the epithelium, suggesting the that this pathway is involved 

in AEC apoptosis91–93. However, other reports highlight the likelihood of other mechanisms, 

including increased ER stress, increased mitochondrial dysfunction, and repercussions from 

accelerated AT2 aging94–99. Though increased AEC injury in IPF has never been in doubt, recent 

work suggests that rather than function as only collateral damage in the disease state, persistent 
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injury to AECs may cause irreversible alterations in the capacity of these cells to carry out their 

reparative functions12. Consequently, AECs may acquire a dysfunctional phenotype that places 

them as a central driver of fibrosis12,100,101.  

1.2.2 Inflammatory cells are important to understanding fibrosis 

Macrophages are a type of phagocytizing myeloid cell involved in many regulatory 

processes including the inflammatory response, homeostatic maintenance, and tissue 

regeneration102. Under homeostatic conditions, macrophages comprise nearly 70% of the total 

immune cell population in the lung8,13. Macrophages play a key role in the pathogenesis of 

fibrotic lung disease, though their specific role is still incompletely understood83. Both 

monocytes and macrophages are known to be important for fibrosis development; mice lacking 

CCR2 are unable to recruit monocytes and macrophages to the lung and are protected from 

fibrosis4. However, the role of these innate immune cells is highly nuanced, as the deletion of 

macrophages during fibrosis progression reduces the severity of fibrosis, but depleting 

macrophages during resolution delays overall fibrosis resolution103. In general, IPF patients show 

an increased number of lung macrophages compared to healthy controls104, and patients with 

faster-progressing IPF have increased numbers of CD14hi CD16hi monocytes in their circulation 

compared to patients with slower-progressing IPF105–107. In addition to these broad associations 

between macrophages and IPF, macrophages are also of interest because of their proximity to the 

lung epithelium and their ability to crosstalk with AECs and fibroblasts. For example, AT2s 

produce cytokines and chemokines that attract inflammatory cells like macrophages to areas of 

injury and promote fibroblast activation15,85, while macrophages themselves can also stimulate 

fibroblasts, regulate AEC activation, and produce angiogenic factors like VEGF that can be both 

pro- or anti-fibrotic depending on the timing of expression and target cell3,84,108,109. General 
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consensus in the field is that inappropriate communication between macrophages, 

epithelial/endothelial cells, fibroblasts, and stem cells can contribute to a state of persistent injury 

as seen in IPF83.  

1.2.3 Types of Macrophages – Alveolar vs. Interstitial 

A highly dynamic and plastic cell type, macrophages can be categorized into many 

different groups based on their location, physiology, and gene expression profile. Macrophages 

are often defined into two populations by their location and expression of CD11c, CD11b, and 

SiglecF: alveolar macrophages (AMs; CD11chiCD11bloSiglecF+) located in the alveolar space, 

and interstitial macrophages (IMs; CD11cloCD11bhiSiglecF-) located in the lung interstitium8 

(Figure 5). In addition to their different geographical location in the lungs under homeostatic 

conditions, AMs and IMs have different origin sites and replication abilities. AMs are yolk-sac 

derived and colonize the empty alveolar niche within the first few days of life14,110,111. They have 

self-renewal properties and play a critical role in turnover of surfactant and efferocytosis110,112. 

Given their location, AMs are thought to be inherently suppressive by directly sensing 

immunological stimuli and helping to maintain immune tolerance in the airways8,14. The 

interstitial compartment, on the other hand, contains cells derived from both yolk-sac monocytes 

and bone marrow-derived macrophages (BMDMs)13,14,113,114. While AMs are considered chief 

effector cells of the pulmonary immune response, IMs are thought to have a larger role in 

maintaining homeostasis8,13,14,115. That said, there is less information on IMs in the literature, as 

their location and somewhat heterogeneous phenotype makes them much more challenging to 

isolate cleanly and confidently compared to AMs14,110.  
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Figure 5: Schematic of a healthy and fibrotic lung 

1.2.4 Macrophages during fibrosis 

While both AMs and IMs exist and are considered local resident cell types in the lung 

under homeostatic conditions, macrophage populations become hard to define in the presence of 

acute or chronic lung injury as both the relative number and general phenotypes of these cells 

can change drastically14,82,83,102. For example, AMs are long-lived and self-populate under 

homeostatic conditions, but they become depleted during fibrosis14,82,116. There is massive 

recruitment of bone marrow-derived monocytes and non-resident CD11b+ inflammatory 

macrophages to the lungs via a chemokine gradient14,117–119. Although a lack of unique 

differentiation markers makes it challenging to identify subsets of inflammatory macrophages 

responsible for specific aspects of the fibrotic response, recent work has shown that macrophages 

recruited to the lung are able to adjust their phenotype based on the lung microenvironment and 

relative population of surrounding cells82,120. For example, work in 2017 by Misharin et al. 

demonstrates that recruited monocytes are able to differentiate towards an AM-like phenotype 
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over time6. Termed “moAMs”, these monocyte-derived AMs are most obviously different from 

AMs by their expression of SiglecF, which is high in AMs and only intermediately expressed in 

moAMs82,116. In their work, Misharin et al. discovered that while tissue-resident AMs did not 

contribute to fibrosis, moAMs are responsible for fibrosis in a bleomycin mouse model as 

genetic deletion of moAMs after their recruitment to the lung ameliorated fibrosis4,6,120. 

Interestingly, during the fibrotic phase, moAMs differ significantly from AMs in their expression 

of profibrotic genes and their capacity to be programmed by their environment6,8,121. However, 

moAMs persist for at least one year after initial injury at which time they are phenotypically and 

transcriptionally indistinguishable from tissue-resident AMs6,116. In both cases, the environment 

of the injured lung can reshape the transcriptome of moAMs and tissue-resident AMs116. 

1.2.5 Relevance of the M1/M2 model in fibrosis studies 

Pulmonary macrophages are a heterogeneous and highly plastic population and given the 

influx of recruited cells amongst tissue-resident macrophages, studying and isolating precise 

populations of macrophages in vivo can be very challenging. As such, researchers in the field 

broadly classify macrophages into a spectrum of phenotypes ranging from “M1-like” to “M2-

like” (Figure 6). M1-like macrophages, termed “classically activated,” are proinflammatory and 

are activated by Th1 cytokines, including IFN, TNF, and bacterial components such as 

LPS102,122,123. These M1-like macrophages have increased phagocytic capacity, release high 

levels of TNF, IL-6, IL-1, and can be characterized by increased gene expression of iNOS and 

MHC II102,122–124. M2-like macrophages, known also as “alternatively activated,” are profibrotic 

and are activated by Th2 cytokines such as IL-4, IL-10, and IL-13122. M2-like macrophages are 

characterized by high expression of arginase1, Ym1, Ym2, Fizz1/RELM, and CD206 and are 

highly associated with wound healing, asthma, and fibrosis13,102,125,126. Despite the 
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oversimplification that the M1/M2 classification brings, there is undeniable value in this system, 

both in order to group macrophages by function rather than name and for in vitro modeling and 

replicability.  

 
Figure 6: Macrophages can differentiate into M1-like and M2-like macrophages based on the presence of 

various growth factors. Adapted from Zhang et al., 2018, Respiratory Research. 

The M1/M2 system is highly relevant because tissue-resident and recruited macrophages 

are known to be defined by factors that originate from their microenvironment13,127,128, and M2-

like polarization factors IL-4 and IL-13 are highly increased in the wounded lung85,129,130. For 

example, as mentioned, the injured lung epithelium produces TGF, PDGF, CTGF, and IL-4 and 

IL-13, which are crucial for the establishment and persistence of M2-like macrophages85. 

Further, both IL-4 and IL-13 are associated with profibrotic responses themselves. IL-13 is 

known to increase matrix metalloproteinase (MMP) activity in macrophages83 and prolonged IL-

13 leads to imbalances in production and catabolism in macrophages, both of which are known 
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to promote fibrosis131. Similarly, IL-4 effects SHIP1 and SHIP2, phosphatases responsible for 

contributing to M2-like macrophage polarization132, and induction of Arg1 by IL-4 and IL-13 has 

been implicated in collagen deposition133.  

Previous work supports a strong role for M2-like macrophages in fibrosis. For example, 

macrophages in IPF patients are associated with M2-like markers: both CD206 and Arginase1 

expression are enhanced in bleomycin-treated mice and elevated in AMs of IPF patients14,82,115. 

During IPF development and progression, predominant infiltration of M2 macrophages act as 

vital regulators of fibrogenesis in lung fibrosis83,134. Other work shows that M2 macrophages 

directly stimulate collagen production in myofibroblasts and enhance expression of tissue 

inhibitors of metalloproteinases (TIMPs) that block degradation of ECM122,135,136. M2-derived 

chemokines also play a role in fibrosis: CCL18 promotes collagen production in lung fibroblasts 

and high CCL18 levels correlate with fibrosis severity in IPF patients137–139. Additionally, the 

IPF FDA-approved drug, perfinidone, exerts anti-fibrotic effects in part by suppressing TGF- 

expression, a cytokine associated with M2 polarization13,140. Despite these advances, little is 

known about the potential paracrine effects of M2 macrophages on primary AECs and 

fibroblasts in the lung. Further understanding of these M2-specific effects on local lung cells 

could present opportunities for development of diagnostic markers or future clinical therapies.  

1.3 Relevant Background Information for Chapter 3 

1.3.1 Epidermal Growth Factor Receptor (EGFR): Function, Dimerization, and Signaling 

Growth factor receptors are often receptor tyrosine kinases (RTKs) with functional roles 

in angiogenesis, proliferation, mitosis, and wound healing. Epidermal growth factor receptor 

(EGFR) is a RTK expressed in tissues derived from epithelial, mesenchymal, and neuronal 
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origins with key downstream effector pathways that regulate a wide variety of cellular functions, 

including MEK/ERK, PI3K/AKT, STAT, and mTOR141–145. EGFR signaling regulates wound 

healing and repair in normal tissues, and its proper signaling is especially important in tissues 

that undergo extensive turnover of cells such as in epithelial layers of the skin, lungs, and gut145. 

In the lungs, EGFR signaling plays a role in controlling cell turnover and mucus production and 

acts as mediators of airway and alveolar homeostasis141,145.  

EGFR (ErbB1/HER1) is part of the ErbB family of receptor proteins (ErbB1-4; HER1-4), 

all of which contain a glycosylated extracellular domain, a single hydrophobic transmembrane 

segment, and an intracellular portion with a juxtamembrane segment, a protein kinase domain, 

and carboxyterminal tail146. Ligand-bound ErbB receptors can either homodimerize or 

heterodimerize with a different member of the ErbB family, and this dimerization causes 

reciprocal tyrosine phosphorylation of both receptors, autophosphorylation of c-terminal specific 

tyrosine-containing residues, and recruitment of signaling molecules at Src Homology 2 (SH2) 

or phosphotyrosine binding (PTB) motifs that enables the activation of key signaling 

cascades141,147,148. These pathways are intrinsically involved in cell proliferation, differentiation, 

and apoptosis, and thus help regulate physiological processes like organ development, growth, 

regeneration, and ion transport144,147. EGFR has seven ligands that have been documented in the 

literature (described below), three of which also bind to ErbB4 (HER4)149–152 (Figure 7). Given 

the importance of EGFR in many critical cell pathways, the differing affinities and kinetics of 

each ligand, and the variations in signaling caused by each ligand, the study of EGFR and its 

ligands remains a highly complex and dynamic field141,149,153.  
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Figure 7: EGFR (HER1) has 7 ligands and activation of any of the ErbB/HER receptors can lead to 

downstream changes in cell maintenance. Adapted from Vallath et al., 2014, Euro Resp Journal. 

1.3.2 EGFR Ligands 

As previously mentioned, EGFR has seven ligands: epidermal growth factor (EGF), 

heparin-binding epidermal growth factor-like growth factor (HB-EGF), transforming growth 

factor alpha (TGF), betacellulin (BTC), epiregulin (EREG), epigen (EPGN), and amphiregulin 

(AREG)149,154. Each member contains one or more EGF motifs in their extracellular domain and 

is able to bind to and fully activate EGFR147. All EGFR ligands are first synthesized in a 

membrane-bound form but are then cleaved by proteinases to become soluble in a process called 

ectodomain shedding. Members of the α disintegrin and metalloprotease (ADAM) family are key 

regulators of EGFR ligand shedding and though there is some redundancy, ADAM10 is 

considered the primary cleaving protease for EGF and BTC and ADAM17 cleaves the other 

ligands141,149,150,155. Although all seven ligands bind to EGFR, the ligands produce quantitatively 
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and qualitatively distinct cellular responses156–158 and each varies in receptor affinity, 

concentration, preferred dimerization, and primary target cells, some of which will be explored 

below.  

1.3.3 High-affinity binding ligands 

Of the seven EGFR ligands, four are considered to have high affinity for EGFR: EGF, 

TGFα, HB-EGF, and BTC149. EGF is the ligand with highest affinity to EGFR and the 

prototypical member of the family of peptide growth factors that activate EGFR147,154. EGF has 

roles in tissue regeneration, ion transport including sodium and magnesium transport, and 

ulcer/wound healing147. Interestingly, the presence of EGF varies depending on the type of 

wound injury: EGF is upregulated after acute injury and enhances re-epithelialization, but is 

downregulated in chronic wounds and so thought to be a strong reason behind delayed healing in 

these injuries147,159. Like EGF, TGFα is an EGFR ligand that is well-studied154. Expressed by 

epithelial cells, TGFα stimulates proliferation of cultured epithelial cells, fibroblasts, and 

endothelial cells and induces the expression of matrix metalloproteinases (MMP)-1, -2, -3, and -

9160. Additionally, TGFα has been implicated in the fibroproliferative response to acute lung 

injury in both mouse models and in human patients160,161; bronchoalveolar lavage fluid (BALF) 

samples taken from patients with IPF or acute lung injury had higher levels of TGFα than those 

taken from healthy controls162. Initially identified as a mitogen associated with a mouse 

pancreatic β-cell tumor cell line, BTC is expressed by a variety of cell types and tissues, though 

very little has been documented about the role of BTC in the lung163. BTC is one of the three 

EGFR ligands than can also bind to HER4163. To date, no studies report a phenotype for fibrosis 

in a BTC or EGF mouse model145. 

1.3.4 Heparin-binding epidermal growth factor-like growth factor (HB-EGF) 
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HB-EGF is an EGFR and HER4 ligand with high affinity to EGFR surpassed only by 

EGF150,154.  Considered a critical molecular component to many physiological processes such as 

angiogenesis and adipogenesis, HB-EGF is most well-studied in the context of wound healing as 

it is the predominant growth factor involved in epithelialization in skin wound healing and 

induction of keratinocyte migration and invasiveness150. HB-EGF also has essential roles in 

tissue healing, proliferation, differentiation, and epithelial-mesenchymal transition151,164,165. 

Unlike some other EGFR ligands, both the membrane-bound (pro-HB-EGF) and soluble form 

(sHB-EGF) of HB-EGF are biologically active. Studies show biologically distinct roles for each 

form of HB-EGF in the kidney, pancreas, and liver166–170 and HB-EGF can act in a juxtacrine, 

autocrine, paracrine, or endocrine signaling capacity150. In addition to pro-HB-EGF and sHB-

EGF, ectodomain shedding also releases a nuclear fragment, HB-EGF-c, that is capable of 

binding to BAG-1 and BCL-2, interfering with apoptosis and increasing HB-EGF secretion150. 

Upon binding to EGFR, HB-EGF is highly efficient at inducing EGFR internalization and its 

degradation following ubiquitination, unlike other EGFR ligands TGFα, EREG, and AREG153. 

As HB-EGF provides a beneficial role in tissue healing and can contribute to the progression of 

several pathological conditions, it is a ligand of considerable interest as a therapeutic target150.   

1.3.5 Low-affinity binding ligands 

The remaining three EGFR ligands – AREG, EREG, and EPGN – have low affinity for 

EGFR149. AREG, the ligand with the least affinity, is biologically active both in its soluble and 

membrane-bound state155. AREG is constitutively present in the lung and is known to modulate 

lung branching and morphogenesis155. It has gained much interest in recent years because its 

expression can be induced by many stimuli including inflammatory lipids, cytokines, hormones, 

and other growth factors and its overexpression is increasingly associated with many 
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pathological conditions155,171. For example, AREG expression is increased in damaged lung 

epithelium of COPD patients and AREG was recently identified as an essential mediator of pro-

fibrogenic activity of TGFβ in a murine model172,173. In contrast, recent work also shows that 

AREG produced by group 2 innate lymphoid cells (ILC2s) promotes epithelial cell proliferation 

and tissue regeneration following virus-induced tissue damage174. Together, these data suggest 

high levels of AREG could be a result of pathologic conditions or a beneficial pathway towards 

injury resolution. Like BTC and HB-EGF, EREG can also bind to both EGFR and HER4148. 

Studies show that EREG contributes to inflammation, wound healing, and tissue repair by 

regulating angiogenesis and vascular remodeling and stimulating cell proliferation148. Finally, 

EPGN is a low-affinity EGFR ligand that is expressed in the liver and heart and in lower levels 

in the lung and kidney175. As the most recent addition to the EGFR ligand family, the biological 

functions of EPGN remain relatively unclear175. To date, no studies report a phenotype for 

fibrosis in an EREG or EPGN mouse model145.  

1.3.6 EGFR in cancer 

Lung cancer is the foremost cause of cancer-related deaths worldwide152. 85% of these 

patients have non-small cell lung cancer (NSCLC) and of these patients, EGFR mutations are 

observed in nearly half176. The EGFR mutations in these patients are often either point mutations 

in exon 21 or short in-frame deletions in exon 19 and both cause constitutive activation of 

tyrosine kinases, leading to unrestricted cell growth, proliferation, and invasion151,177,178. EGFR 

ligands have also been highly associated with cancer and its further progression. HB-EGF is 

highly expressed in many forms of cancer151 and efforts to reduce the effects of HB-EGF such as 

through its inhibition or neutralizing antibodies have been used as a therapeutic against 

glioblastoma, multiple myeloma, and cell lines of ovarian, breast, and colorectal cancer179–181. 
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Additionally, HB-EGF is the most predominantly expressed EGFR ligand in EGFR-mutant lung 

cancer cells, and HB-EGF small molecule inhibitor CRM197 has already demonstrated utility by 

inducing cell apoptosis and suppression of tumorigenicity in lung cancer cells176.  

1.3.7 Erlotinib, an anti-EGFR therapy in cancer 

EGFR mutations are present in a large percentage of lung cancer patients and thus a 

significant amount of research has been done trying to develop effective anti-EGFR 

therapeutics176. There are many drugs that target specific components of EGFR and its signaling 

pathway (Figure 8). EGFR-neutralizing antibodies such as cetuximab and bevacizumab, for 

example, have shown competency in attenuating doxycycline-inducible tumors in animal models 

but neither proved clinically beneficial in phase II clinical trials of patients with EGFR 

mutations152,182,183. EGFR-specific tyrosine kinase inhibitors (EGFR-TKIs) such as gefitinib and 

erlotinib, on the other hand, have had great success in many cancer patients184–187. As a result, 

these two drugs are some of the most studied EGFR-RTK inhibitors152,188,189. They have a similar 

mechanism of action: both act as inhibitors of the tyrosine kinase domain by blocking the 

intracellular ATP binding site of EGFR141,152,190. Erlotinib in particular is a well-established 

therapeutic for metastatic lung carcinoma141,152,186. Typically prescribed as a second or third-line 

treatment or in combination therapy with other chemotherapy drugs152, erlotinib has shown 

increased life expectancy, increased progression-free survival, controlled rate of cancer 

metastasis, and improved tumor-related symptoms when compared with best supportive care in 

patients with NSCLC184–187. In addition to being effective, erlotinib is often well-tolerated by 

patients when used in combination therapy152,185–187 although like other therapeutics, eventual 

erlotinib resistance or more adverse side effects may develop with time185,191,192.  
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Figure 8: While there are many EGFR-specific tyrosine kinase inhibitors (TKIs), each EGFR-TKI acts in a 

different part of the signaling pathway. Adapted from Vallath et al., 2014, Euro Resp Journal. 

1.3.8 Anti-EGFR therapies in cancer can lead to lung fibrosis 

Despite the overall success of EGFR-TKIs like erlotinib and gefitinib in prolonging life 

and halting tumor progression in lung cancer patients, use of these therapies has also been 

associated with serious adverse health consequences including pneumonitis, increased incidence 

of pulmonary fibrosis and other interstitial lung diseases (ILD), and even death184,193–195. In one 

study, 7.7% of EGFR-TKI patients had to discontinue treatment due to unmanageable severe 

adverse events193. Despite widespread and global use of gefitinib and erlotinib, development of 

ILD in NSCLC patients after EGFR-TKI treatment appears to be most highly prevalent in the 

Japanese population196. Although researchers have not yet determined if this is due to genetic 

differences and/or consequence of ILD diagnosis practice, interstitial pneumonia and acute lung 

injury have been reported in 6% of Japanese patients treated with gefitinib195,197,198, correlating to 

an ILD incidence of 1.9% in Japan and only 0.3% of all other cases globally195.  
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 Although many retrospective studies and clinical trials associate that associate treatment 

of cancer patients on an EGFR antagonist with later development of lung fibrosis, a direct causal 

link between the EGFR-RTI and fibrosis has not yet been determined. This is likely the 

consequence of several factors. For one, drug-associated ILD is not uncommon itself – treatment 

of NSCLC with combination chemotherapy has been associated with development of ILD, as has 

increases in drug dose and alteration in combination of chemotherapy drugs, use of radiation, and 

sequential use of radiotherapy and chemotherapy195,199. Additionally, clinicians face great 

challenges when trying to diagnose ILD. Clinical, radiological, and pathological observations are 

all necessary to exclude other conditions with similar symptoms such as pneumonia, allergy, 

cardiogenic edema or pulmonary hemorrhage200, and identification of drug-associated ILD is 

made more complex as clinical imaging and pathological patterns are not diagnostically 

reliable195. For example, one study of high-resolution computed tomography (HRCT) and 

histopathology showed that pathological pattern and imaging did not correspond in over 40% of 

cases201. 

1.3.9 EGFR and its ligands in human pulmonary fibrosis 

In addition to cancer, EGFR dysfunction is highly associated with lung fibrosis and 

diseases like COPD, asthma, and cystic fibrosis202–204. There is significant EGFR upregulation in 

all three forms of idiopathic interstitial pneumonias (IIPs): IPF, cryptogenic organizing 

pneumonia (COP), and nonspecific interstitial pneumonia (NSIP)205, and patient samples showed 

that EGFR was primarily localized to hyperplastic alveolar epithelium surrounding areas of 

fibrosis in each diseased individual205. Fibroblasts taken from IPF patients also express high 

levels of EGFR and downstream target pAKT, further suggesting the presence of EGFR 

overactivation in human fibrosis206. In addition to EGFR dysfunction, fibrotic diseases are also 
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characterized by the presence of abnormal levels of EGFR ligands. Both TGFα and EGF 

stimulate fibroblast proliferation and play a role in the pathogenesis of IPF197 and TGFα 

expression is increased in the lung tissue of patients with IPF compared with control lung 

tissue207. The increased expression of HB-EGF has also been noted in a variety of airway and 

fibrotic diseases. Studies show that levels of HB-EGF are positively correlated in sputum with 

chronic obstructive pulmonary disease (COPD) severity, epithelial-mesenchymal transition and 

airway remodeling, and is thought to have a role in the early inflammatory stage of scleroderma 

and systemic sclerosis150,151,164,176,208. 

 Recent preliminary work in the Moore lab also demonstrates a connection between HB-

EGF and IPF progression. Using SOMAmers (short, single-stranded deoxyoliognucleotides that 

can bind to discrete molecular targets with high affinity), Dr. David O’Dwyer measured the 

relative concentration of proteins in the ErbB pathway in the plasma proteome in two cohorts of 

IPF patients. He concluded that IPF patients who have levels of EGFR or HB-EGF in plasma 

that are above the identified threshold have higher incidence of disease progression (logrank test, 

p=0.02; logrank test, p=0.02, respectively) (O’Dwyer et al.,unpublished data). These data further 

implicate both EGFR and HB-EGF in the progression of IPF and perhaps its development as 

well.  

1.3.10 EGFR and its ligands in animal models of pulmonary fibrosis 

Like IPF in humans, animal models of pulmonary fibrosis also show increased 

prevalence of EGFR expression and several of the EGFR ligands. TGFα, for example, is detected 

in higher amounts in rats treated with bleomycin to induce lung injury compared to those 

receiving saline control, and chronic epithelial expression of TGFα in transgenic mice caused the 

progression of bleomycin-induced pulmonary fibrosis, supporting a role for this ligand in fibrosis 



 26 

development161,207,209. Interestingly, EGFR antagonism has had varied effects. The use of the 

EGFR-TKI gefitinib has been shown both to worsen and to protect against pulmonary fibrosis in 

other animal work197,210. These discrepancies are likely the consequence of differential cell 

specific effects of ligands or of receptor actions, but their overall complexity and the lack of 

consensus in the field suggests a need for the further study of specific EGFR-TKIs in a 

simplified in vitro cell system. Very few animal studies have been performed that use erlotinib to 

investigate its effects on fibrosis. To date, there are only two studies of relevance. The first, by 

Hardie et al. in 2008 demonstrated that daily administration of erlotinib prevented the 

development of fibrosis in a doxycycline-inducible lung-specific TGFα overexpression fibrosis 

mouse model and the second, by Adachi et al. in 2010 showed that simultaneous administration 

of bleomycin and erlotinib to rats neither exacerbated nor ameliorated the overall amount of 

fibrosis compared to rats receiving bleomycin alone211,212. Consequently, as very few studies 

have explored the role of erlotinib in animal models of fibrosis, it follows that this EGFR-TKI is 

a valuable place to start.  
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Chapter 2: M2 Macrophages have Unique Transcriptomes but Conditioned Media does not 

Promote Profibrotic Responses in Lung Fibroblasts or Alveolar Epithelial Cells in vitro  

Abstract 

Macrophages are critical regulators of pulmonary fibrosis. Their plasticity, proximity, 

and ability to crosstalk with structural cells of the lung make them a key cell type of interest in 

the regulation of lung fibrosis. Macrophages can express a variety of phenotypes which have 

been historically represented through an “M1-like” to “M2-like” delineation. In this 

classification, M1-like macrophages are proinflammatory and have increased phagocytic 

capacity compared to alternatively activated M2-like macrophages that are profibrotic and are 

associated with wound healing. Extensive evidence in the field in both patients and animal 

models align pulmonary fibrosis with M2 macrophages. In this paper, we performed RNAseq to 

fully characterize M1 vs. M2-skewed bone marrow-derived macrophages (BMDMs) and 

investigated the profibrotic abilities of M2 BMDM conditioned media (CM) to promote 

fibroblast migration, proliferation, alveolar epithelial cell (AEC) apoptosis, and mRNA 

expression of key fibrotic genes in both fibroblasts and in AECs. Although M2 CM-treated 

fibroblasts had increased migration and M2 CM-treated fibroblasts and AECs had increased 

expression of profibrotic proteins over M1 CM-treated cells, all differences can be attributed to 

M2 polarization reagents IL-4 and IL-13 also present in the CM. Collectively, these data suggest 

that the profibrotic effects associated with M2 macrophage CM in vitro are attributable to effects 

of polarization cytokines rather than additional factors secreted in response to those polarizing 

cytokines.  
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Introduction 

Idiopathic pulmonary fibrosis (IPF) is a chronic fibrosing interstitial lung disease of 

unknown etiology8–10. The most lethal of the interstitial lung diseases, IPF causes mortality in 

over 50% of patients within 3 years of diagnosis3,13,14. Experts consider IPF to be a form of 

aberrant wound healing where repeated microinjuries to the epithelium disrupt the epithelial 

barrier, promote fibroblast activation and lead to excessive deposition of extracellular matrix 

(ECM) proteins, and culminate in scar formation and eventual death. Historically, IPF was 

thought to be an exclusively fibroblast-epithelial disease, but work in the last two decades points 

to innate immune cells as having a critical role in the development and progression of 

fibrosis3,4,6,9,82,83.  

Monocytes and macrophages have received particular attention for their role in IPF 

because of their plasticity, proximity to the epithelium, and their abilities to crosstalk with 

structural cells of interest3,14,83–85. Studies have shown that alveolar epithelial cells (AECs) 

secrete cytokines that attract inflammatory cells to areas of injury and that these cytokines 

promote migration, proliferation, and activation of fibroblasts85. Macrophages are also able to 

communicate with fibroblasts through juxtacrine and paracrine signaling213.  

Bone marrow-derived macrophages (BMDMs) are often used as a cell source to study 

cellular crosstalk systems in vitro. To mirror the range of macrophage phenotypes in a simplified 

version, researchers often use the M1/M2 dichotomy. In this model, lipopolysaccharides (LPS) 

and interferon (IFN)- are added to BMDM media to create proinflammatory M1 macrophages, 

characterized by increased phagocytic capacity and increased iNOS and TNF expression102,122–

124, and IL-4 and IL-13 are added to BMDM media to create “alternatively activated” M2 

macrophages, associated with fibrosis and characterized by high expression of Arginase1 (Arg1), 
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Fizz1/RELM, and CD20613,102,122,125,126. Despite frequent use, many studies fail to consider the 

implications of treatment conditions needed to differentiate or maintain macrophages in the 

M1/M2 phenotype in vitro. In this paper, we used the classically described model of M1/M2 

polarization to systematically determine whether fibroblast or alveolar epithelial cell responses 

were attributable to unique factors in M1/M2 macrophage conditioned media (CM) that were 

distinct from the factors used for polarization in the growth media. In particular, we sought to 

determine if strongly M2 polarized BMDM CM promote fibroblast migration, proliferation, 

AEC apoptosis, and mRNA expression of key fibrotic genes in both fibroblasts and in AECs. 

Surprisingly, all differences can be attributed to the presence of IL-4 and IL-13 as the polarizing 

reagents, but no additional effects from the M2-skewed BMDM CM are present.  

Materials and Methods 

Animals and Housing 

6-to 8-week-old C57Bl/6 male and female mice were purchased from The Jackson Laboratory 

(Bar Harbor, ME) and housed in specific pathogen-free conditions within the University of 

Michigan Animal Care Facility (Ann Arbor, MI). 6-to 8-week-old house-bred male and female 

Lyz2Cre+ mice (C57Bl/6 background, parent pair purchased from The Jackson Laboratory), 

considered a functional wildtype, were housed similarly to purchased C57Bl/6 mice and were 

used synonymously as wildtype alongside C57Bl/6 mice. All animal experiments were approved 

by the Institutional Animal Committee on Use and Care (IACUC) at the University of Michigan 

and were performed in accordance with the National Institutes of Health policies on the humane 

care and use of laboratory animals. 

RT-qPCR 
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RNA for RT-qPCR experiments was obtained from isolated cells via Trizol (ThermoFisher, 

Waltham, MA) extraction following the manufacturer’s protocol. Equivalent RNA was subjected 

to qRT-PCR performed on an ABI StepOnePlus real-time thermocycler (ThermoFisher) using a 

TaqMan® RNA-to-Ct™ 1-Step Kit (ThermoFisher) following the manufacturer’s protocol. The 

gene of interest was normalized between samples to GAPDH expression using delta CT values. 

All primers and probes used in this study are listed in Table 1 below. 

Table 1: Primers and Probes for Chapter 2 
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Cell Isolation 

To isolate fibroblasts, mice were euthanized under CO2 and their lungs perfused with sterile PBS 

via the right ventricle. Lungs were excised under aseptic conditions and minced with scissors. 

The lung mince was then placed in a T175 tissue culture treated plastic flask with ~30ml 

Dulbecco’s Modified Eagle Medium (DMEM)+10% fetal bovine serum (FBS). Fibroblasts were 

allowed to grow 14 days with media changes every 3-4 days before use.  

 

BMDMs were isolated as described previously214,215. Briefly, bone marrow cells were collected 

from mice after CO2 euthanasia by flushing their femurs and tibias with 10% DMEM. These 

cells were cultured in bone marrow medium (30% L-cell supernatant, 70% DMEM+10% FBS 

media) for 6 days, with fresh media added every 2 days. On day 6, cells were counted and 

replated at 1 million cells/well in a 12-well plate overnight in complete DMEM. On day 7, 

BMDMs were treated with recombinant murine (rm)IFNγ (50ng/ml, R&D Systems, 

Minneapolis, MN) and E.coli-derived lipopolysaccharide (LPS; 100ng/ml, Sigma Aldrich, St. 

Louis, MO) in serum-free media (SFM) for “M1-like” polarization, or were treated with rmIL-4 

(10ng/ml, R&D Systems) and rmIL-13 (10ng/ml, R&D Systems) in SFM for “M2-like” 

polarization. M1 or M2 polarization reagents placed in SFM were considered “polarizing growth 

media” and placed on BMDMs for 24 hours to polarize BMDMs to an M1 or M2 phenotype. 

BMDMs were considered fully polarized at the conclusion of 24 hours. Cells and/or supernatant 

from M1 or M2 BMDMs were collected at the end of this 24-hour polarization period. As M1 or 

M2 BMDMs are presumed to secrete additional factors into the media during this polarization 

period, the supernatant removed from M1/M2 BMDMs is considered to be different from the 

polarizing growth media and is referred to as “conditioned media” (CM). In experiments using 
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heated BMDM CM, CM was thawed from frozen, put in 1ml aliquots, and heated at 100oC on a 

heat block for 10 minutes.  

 

Alveolar epithelial cells (AECs) were isolated using a whole lung dispase digestion after casting 

airways in low melt agarose as previously described216.  After isolation, AECs were plated 

overnight at 500,000 cells/well on 24-well plates coated in undiluted Matrigel (BD Biosciences, 

San Jose, CA) for RNA extraction or at 50,000 cells/well on opaque 96-well plates for apoptosis 

assays. AECs were treated for 24 hours total after initial overnight plating. As AECs were used 

within 48 hours of isolation, these AECs were considered undifferentiated type 2-like cells.  

RNAseq Analysis 

RNAseq analysis was performed on BMDMs isolated and polarized to either an M1-like or an 

M2-like phenotype, as described above. Polarized BMDMs were isolated and RNA was 

extracted using a RNeasy column kit (Qiagen, Germantown, MD) per the manufacturer’s 

directions. RNA integrity was assessed on an Agilent Bioanalyzer (Agilent, Santa Clara, CA). 

Only samples with an RNA integrity value of at least 8 were used in RNA sequence analysis. 

RNA sequencing was performed by Genewiz (South Plainfield, NJ) using their standard RNA 

sequencing pipeline. In short, sequence reads (30-50 million read depth) were trimmed to 

remove likely adapter sequences and nucleotides with poor quality using Trimmomatic v.0.36. 

Reads were mapped to the ENSEMBL mouse reference genome using the STAR aligner 

v.2.5.2b. Unique gene hit counts were calculated by using feature Counts from the Subread 

package v.1.5.2. Only unique reads that fell within exon regions were counted. Transcript counts 

were normalized, and differential expression statistics were calculated using DESeq2 

(Supplemental Table 1, all Supplemental Tables available at: 
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https://doi.org/10.6084/m9.figshare.14818545). RNAseq data was visualized using Python 3.7 

and a combination of Matplotlib, Scikitlearn, and Seaborn packages. Both raw and processed 

RNAseq data are available in total through the Gene Expression Omnibus (GEO), accession 

number GSE167982. For further analysis, all candidate genes identified during Python 

visualization were run through the ClueGO Plug-In (version 2.5.7) for Cytoscape (version 3.8.0) 

to group data by molecular function (Figures 18, 19) or by biological process (Figures 9, 19) into 

biological nodes determined by ClueGO. The specific p-values used to place these genes into 

thematic groups and sub-thematic nodes based on component similarity ranged between p<0.05 

and p<0.0001. For analysis in Figures 9A and 9B (Supplemental Table 2), Figures 18B 

(Supplemental Table 3), 18C (Supplemental Table 4), and Figures 19A (Supplemental Table 5) 

and 19B (Supplemental Table 6), all subtheme nodes were combined under their thematic group 

name and all gene duplicates were removed. The overall percentage prevalence of each group as 

labeled in pie charts in Figures 18B, 18C, 19A, and 19B was determined by dividing the number 

of unique genes present in one group by the total number of genes summed across all groups. 

Overall enrichment score was calculated by taking the negative log of the each term’s p-value, 

then averaging all enrichment scores within a functional group (i.e., log(averaged p-value)*-1).  

 

Fibroblast Proliferation and Migration 

Fibroblasts were plated at 10,000 cells/well in a 96-well plate in complete DMEM for 4hrs, 

followed by overnight treatment in SFM. 90µl of macrophage CM or polarizing growth media 

without cells were added to their respective wells for 48hrs before 10µl of MTT solution was 

added to each well and allowed to incorporate for another 24hrs. After mixing in MTT stop 

https://figshare.com/articles/dataset/M2_macrophages_have_unique_transcriptomes_but_conditioned_media_does_not_promote_profibrotic_responses_in_lung_fibroblasts_or_alveolar_epithelial_cells_in_vitro_-_Supplemental_Tables_1-7_Finalized_/14818545
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solution with a multichannel pipette, the plate was read according to manufacturer’s instruction 

(Sigma Aldrich).  

 

To investigate fibroblast migration using a scratch wound assay, fibroblasts were plated at 

20,000 cells/well in clear bottomed 96-well plates (Essen Biosciences, catalog #4378, Ann 

Arbor, MI) overnight in DMEM+10% FBS. After fibroblast adherence, complete media was 

washed away and replaced with SFM overnight (200µl volume). The next day, the Wound 

Maker was used to create a uniform scratch in each well. Cells were rinsed 2x in SFM and 

replaced with corresponding CM/polarizing growth media (50-100µl) and the plate was placed at 

37oC. Pictures were taken using Incucyte software every 4hr for up to 5 days. In all figures M1 

or M2 is used to denote M1 or M2 CM respectively and LPS+IFNγ or IL-4+IL-13 is used to 

denote the respective M1 or M2 polarization growth media. 

AEC Apoptosis 

Isolated AECs were plated overnight at 50,000 cells/well in a white-bottomed 96-well plate 

(Corning, NY) in complete small airway growth media (SAGM; Lonza, Morristown, NJ) plus 

human keratinocyte growth factor (KGF; Peptro Tech Inc, Cranbury, NJ). The 96 well plate had 

previously been coated with undiluted Matrigel to retain a type 2 AEC phenotype of cultured 

cells. After initial cell sit-down, media was aspirated, and cells were rinsed in SFM prior to 

addition of BMDM CM or polarizing growth media for 24hrs. Upon completion of the assay, 

Caspase-Glo 3/7 (Roche, Indianapolis, IN) was added in a 1:1 dilution and activation of caspase-

3/7 was measured according to the manufacturer’s guidelines. Samples were analyzed using an 

M3 Microplate Luminometer and the value expressed in relative luminescence units compared 

with control AECs maintained in SFM alone. In some experiments recombinant cathepsin-D 
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(R&D Systems) was tested for ability to cleave the caspase 3 substrate but results were negative 

(data not shown). 

Protease Inhibitor Studies  

M1 or M2 BMDM CM was thawed from frozen and used in protease inhibitor studies (Figure 

19). BMDM CM was treated with either serine protease inhibitor AEBSF (1µM; Sigma Aldrich 

#SBR00015), serine protease inhibitor aprotinin (0.75µM; Sigma Aldrich, #A1153), cysteine 

inhibitor E-64 (1µM; Sigma Aldrich #E3132), or pan-protease inhibitor Pierce™ Protease 

Inhibitor (5x and 0.5x standard concentration; Mini Tablets ThermoFisher, #A32955). 

CM+inhibitors were allowed to incubate together for one hour before being plated on a white-

bottomed 96-well plate. CaspaseGlo3/7 was added in a 1:1 dilution and samples were measured 

and analyzed as described above. 

Flow Cytometry  

AECs were isolated and plated at 2 million cells/well in a 6-well plate on fibronectin-coated 

plates overnight. Fibronectin-coated plates were used to increase technical feasibility for the 

assay, as dissociating AECs from Matrigel resulted in very low cell yields. The next day, cells 

were rinsed and media was replaced with BMDM CM for 24hrs. For flow analysis, nonspecific 

Fc binding was blocked with a CD16/32 antibody. Subsequently, primary antibodies were added 

to cell samples and incubated for 30 min in the dark at 4oC. Primary antibodies used were anti-

CD45 and anti-Epcam/CD326 (BD Biosciences) to identify AECs and Zombie Violet and 

Apotracker (Biolegend, San Diego, CA) for apoptosis. Total cell number was compared between 

samples using one-way ANOVA analysis with GraphPad Prism. 

Statistics 
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Statistical analyses were performed using GraphPad Prism software package (GraphPad 

Software, La Jolla, CA). Following a normality test, differences between experimental groups 

were determined using one-way ANOVA with a Tukey post-test (for comparing 3 or more 

groups) if normally distributed. Non-normally distributed data was analyzed by Kruskal-Wallis 

test and Dunn’s multiple comparison post-test. Differences were considered statistically 

significant when p<0.05. All data are represented as mean +/- SEM. All experiments were 

repeated, at least, in duplicate with similar results. Pertinent statistical information, i.e., n-values, 

experiment number, and p-values, are given in individual figure legends.  

Results 

RNAseq shows unique differences between M1 and M2 BMDMs 

In order to determine whether M2 secreted factors were responsible for profibrotic effects 

of macrophages in the lung, we first wanted to understand the M1 v. M2 transcriptome in an 

unbiased fashion. To do this, we performed RNAseq on BMDMs polarized to an M1 or M2 

phenotype. As an initial overview analysis, we inputted the top 5% (top 270 genes) of the most 

highly upregulated or downregulated genes from the RNAseq analysis into the ClueGO plug-in 

of Cytoscape (Supplemental Table 1, all Supplemental Tables available at: 

https://doi.org/10.6084/m9.figshare.14818545). We chose to use this plug-in to organize all 

inputted genes into family gene group clusters based on biological process. ClueGO analysis 

demonstrated that gene group clusters with the highest enrichment values in M1 BMDMs were 

related to inflammation, particularly the cell response to cytokine, to virus, to protozoan, and to 

interferon- (Figure 9A). In contrast, clusters with the highest enrichment values in M2 BMDMs 

were related to cell processing, including categories of chondrocyte differentiation, connective 

https://figshare.com/articles/dataset/M2_macrophages_have_unique_transcriptomes_but_conditioned_media_does_not_promote_profibrotic_responses_in_lung_fibroblasts_or_alveolar_epithelial_cells_in_vitro_-_Supplemental_Tables_1-7_Finalized_/14818545
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tissue development, and positive regulation of myelination (Figure 9B). To visualize these 

differences in genes pertaining to molecular function between M1 and M2 BMDMs, we 

employed the Matplotlib, Scikitlearn, and Seaborn packages from Python. Visualization in 

Python confirmed a large number of genes whose expression differs significantly between M1 

and M2 BMDMs (Figure 9C). The RNAseq data also indicate that M2 BMDMs have a higher 

number of genes encoding for secreted proteins than M1 BMDMs (Figure 9D), providing 

additional rationale to further probe how M1/M2 secreted proteins initiate a profibrotic response 

in lung structural cells.  

 
Figure 9: M1 and M2 bone marrow-derived macrophages (BMDMs) have different gene expression profiles 

based on RNA sequencing (RNAseq) analysis. RNAseq analysis of the top 5% of genes (270 genes) using the 

ClueGO plugin of Cytoscape shows drastically different prominent biological themes in M1 (A) and M2 (B) 

BMDMs as analyzed by biological process. Additionally, M1 and M2 BMDMs exhibit different transcriptome 

profiles (C) and M2 BMDMs have an increased number of differentially expressed genes for secreted proteins than 
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M1 BMDMs (D). In (C) and (D), negative log2 expression values correlate to genes enhanced in M2 BMDMs and 

positive log2 expression values correlate to genes enhanced in M1 BMDMs. 

BMDM polarization in vitro shows accurate M1 and M2 phenotypes 

As our RNAseq data yielded notable differences in gene expression between M1 and M2 

BMDMs, we next wondered how differences in expressed genes can alter macrophage function 

and phenotype in pulmonary fibrosis. As data from the literature assert that profibrotic 

macrophages are M2-like, we chose to use BMDMs and polarize them in vitro to an M1 or M2 

phenotype for further study. BMDMs are an ideal cell candidate as they are (1) an accessible 

macrophage population that can be isolated in abundance217–219 and (2) recent work has shown 

that monocyte-derived alveolar macrophages (moAM)s, derived from bone marrow 

precursors220, are pathogenic and that their recruitment to the lung along with Ly6Cihi monocytes 

are highly responsible for fibrosis development and progression6. 

 
Figure 10: BMDMs achieve a reliable M1 or M2 polarization when given standard combinations of polarizing 

reagents LPS+IFNg (M1) or IL-4+IL-13 (M2). BMDMs were polarized to an M1-like (100ng/ml LPS + 50ng/ml 

IFNg) or M2-like (10ng/ml IL-13 + 10ng/ml IL-4) phenotype for 24 hours before being isolated for RNA extraction. 
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Representative RT-qPCR data of M1 genes: (A) iNOS and (B) TNFa, and M2 genes: (C) Fizz1, (D) Arg1, (E) IL-

10, (F) CD163, (G) CD206, and (H) HB-EGF. N.D.: Not Detected. *: p<0.05, ****: p<0.0001. All data 

representative of 3-7 experiments, n=4, 5. 

BMDMs polarized to M1 (100ng/ml LPS+50ng/ml IFN) or M2 (10ng/ml IL-4+10ng/ml 

IL-13) showed a highly consistent and differential phenotype (Figure 10). M1 BMDMs exhibited 

high iNOS and TNF expression (Figures 10A, 10B) compared to M2 BMDMs, which more 

highly expressed Fizz1 (Figure 10C), Arg1 (Figure 10D), and IL-10 (Figure 10E) as well as 

CD163 (Figure 10F) and CD206 (Figure 10G). The relative expression of these key markers in 

the M1 and M2 BMDMs match those of other published work in the field13,102,122,221. M2 

BMDMs also showed increased expression of heparin binding epidermal growth factor-like 

growth factor (HB-EGF) (Figure 10H). Though a lesser-known marker in the lung field, HB-

EGF is used widely as an M2 marker in the pancreas literature222
. In addition to clear fold change 

differences at the transcript levels, these M1-M2 phenotypes also hold at the protein level 

(Figure 11) as M2 BMDMs exhibit increased Arg1+ protein expression and M1 BMDMs exhibit 

increased iNOS+ protein expression via flow cytometry.  
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Figure 11: iNOS labels M1 BMDMs reliably at the protein level. M1 (A) and M2 (B) BMDMs were stained with 

anti-Arg1 and anti-iNOS via flow cytometry. While Arg1 at the protein level appears ubiquitously expressed in M1s 

and M2s (C), only M1 BMDMs are positive for iNOS (D). Flow cytometry quantification by percentage of total 

macrophages. **: p<0.01, ****: p<0.0001. 

The increased M2 effect on fibroblast migration is explained by M2 polarizing reagents, IL-4 

and IL-13 

Fibroblasts are located adjacent to alveolar epithelial cells (AECs) along the basement 

membrane in the healthy lung, where they serve as key structural cells by maintaining normal 

tissue architecture through the deposition and maintenance of extracellular matrix (ECM) 

proteins85. Microinjuries to the epithelium can lead to AEC apoptosis, causing gaps in the 

epithelial lining that can be closed by activated fibroblasts proliferating and migrating to the 

wound site85. We investigated the effects of M1 and M2 CM on the ability of primary lung 

fibroblasts to proliferate and migrate. MTT assays showed that fibroblasts treated with either M1 

or M2 CM had increased proliferation over the serum-free media control (Figures 12A, 12B). 

However, this level of increased proliferation with macrophage CM was not different compared 

to the respective polarization growth media controls; fibroblasts given M1 CM showed the same 
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amount of proliferation as those given LPS+IFN polarization growth media and treatment with 

M2 CM or IL-4+IL-13 polarization growth media yielded the same amount of proliferation 

(Figures 12A, 12B).  

 
Figure 12: Effects of macrophage CM on fibroblast proliferation and migration are recapitulated by 

polarization cytokines. M1 and M2 CM or their respective polarization growth media (LPS + IFNγ or IL-4 + IL-

13) were put on untreated primary lung fibroblasts for proliferation and scratch wound assays. Fibroblasts treated 

with M1 (A) or M2 (B) CM show increased proliferation over SFM via MTT assay after 48 hours, though no 

difference was noted between CM and respective polarization media controls. Representative sample (2 

experiments, n=6). (C) Representative scratch wound assay showing M2 CM and IL-4+IL-13 polarization media 

cause the fastest wound closure (migration) but that there is no difference between the two treatments. *: p<0.05, **: 

p<0.01. Data in (C) are representative of at least three experiments, n=5 per group.  

To determine fibroblast migration capabilities, we seeded fibroblasts at a set density and 

performed a scratch wound assay, using Incucyte image software to quantify the wound distance 

over time (Figure 12C). Fibroblasts given M2 CM closed the scratched area faster than either the 

control or fibroblasts given M1 CM. Interestingly, fibroblasts given M1 CM post-scratch failed 

to close the wound. Similar to fibroblast proliferation, polarization growth media controls in the 

scratch wound assay show that differences in fibroblast migration are explained by their 

respective polarizing reagents present in the CM, as overall migration was not different between 

fibroblasts given M2 CM or IL-4+IL-13, nor between fibroblasts given M1 CM or LPS+IFN 
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The increased M2 CM effect on fibroblast mRNA transcript expression of key profibrotic and 

anti-apoptotic factors is explained by M2 polarizing reagents, IL-4 and IL-13 

In addition to increased accumulation and migration, lung fibroblasts also become highly 

activated during fibrosis223. Their increased activation promotes production of ECM proteins, 

leading to scar formation that reduces overall lung elasticity85. Additionally, primary lung 

fibroblasts from IPF patients have been shown to be resistant to apoptosis85,224,225.  

 ECM components secreted by fibroblasts include collagens, glycoproteins, and 

proteoglycans85. Fibroblasts given M2 CM had increased expression of collagen 1, collagen 3, 

fibronectin, and periostin (Figure 13A) compared to cells given M1 CM, consistent with the 

rationale that M2 macrophages cause profibrotic effects in fibroblasts. When these fold changes 

induced by M1 and M2 CM were compared to their polarization growth media controls however, 

no statistical difference was noted, implying that the increased M2 effect on fibroblast expression 

of these ECM genes is explained by polarizing reagents present in the CM. 
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Figure 13: While expression of profibrotic and anti-apoptotic mRNA transcript in fibroblasts is enhanced 

with M2 CM treatment, these effects are attributable to polarization reagents. qPCR fold change of key 

profibrotic genes (A) (collagen1, collagen3, fibronectin, periostin), or apoptosis-related genes (B) (Cox2, PGE 

synthase, EP2, EP4), and of anti-apoptotic genes (C) (BCL2, survivin, XIAP). *: p<0.05, **: p<0.01, ***: p<0.001, 

****: p<0.0001. All figures show representative data from at least three experiments, n=3-4.  

 Previous work in our laboratory suggests that prostaglandin (PG) E(2) signaling is an 

important regulator of fibroblasts and fibrosis226,227. All cells can produce arachidonic acid, 

which is metabolized to eicosanoids. Cyclooxygenase (COX)-2 is a rate-limiting enzyme to 

initiate prostaglandin synthesis226. In the healthy lung, high levels of PGE2 limit fibroblast 

proliferation, migration, and collagen synthesis. However, the lungs of pulmonary fibrosis 

patients have decreased levels of PGE2. In Figure 13B, fibroblasts given M2 CM have much 

lower levels of COX-2 and the enzyme responsible for PGE2 production, PGE synthase, 
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compared to fibroblasts given M1 CM. Perhaps as a compensatory response to the lower 

production of PGE2, M2 CM-treated fibroblasts show increased expression of PGE receptors E 

prostanoid (EP)2 and EP4. However, expression of COX-2, PGE synthase, and EP2 and EP4 is 

not different between the macrophage CM and its associated polarization growth media control.  

 Data in the literature support the concept that profibrotic fibroblasts are often resistant to 

apoptosis33,224,225. Thus, we next examined the expression of classic apoptosis markers BCL2, 

survivin, and XIAP. As expected, M2 CM on fibroblasts induced a multiple-fold increase in 

BCL2, survivin, and XIAP expression compared to M1 CM treatment (Figure 13C). However, 

the increased M2 effect on fibroblast mRNA transcript expression of these anti-apoptotic factors 

is explained by M2 polarizing reagents, IL-4 and IL-13, as these reagents induced a fold change 

either comparable or not statistically different from fibroblasts receiving M2 CM alone. 

M2 polarization reagents, IL-4+IL-13, increase profibrotic and anti-apoptotic mediator 

expression in AECs 

As the first physical line of defense against inhaled insults, AECs communicate with 

fibroblasts and macrophages and are the primary cell type to experience perpetuated 

microinjuries during fibrosis3,15. As homeostasis within a healthy lung microenvironment is 

dependent on AEC-mesenchymal cell crosstalk226, we investigated if AECs receiving M2 

supernatant increased expression of fibrotic genes. While there is no difference in the expression 

of vascular endothelial growth factor (VEGF), both connective tissue growth factor (CTGF) and 

platelet-derived growth factor alpha (PDGF) were increased in AECs given M2 CM compared 

to those receiving M1 CM (Figure 14A). Increased levels of these genes were not different 

between AECs receiving M2 CM and those receiving M2 polarizing growth media controls, 

however.  
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In AECs given M2 CM, expression of COX-2 and PGE synthase are decreased compared 

to cells treated with M1 CM (Figure 14B) while expression of anti-apoptotic markers BCL2, 

survivin, and XIAP are increased in AECs treated with M2 CM (Figure 14C). Interestingly, EP2 

expression is not different between M1 CM- or M2 CM-treated AECs and EP4 expression is 

increased in M2 CM-treated compared to M1 CM-treated AECs (Figure 14B). Across nearly all 

genes, expression differences between AECs given M2 CM and AECs given M2 polarizing 

growth media controls were not statistically different.   
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Figure 14: Although AECs treated with M2 CM show increased expression of profibrotic and anti-apoptotic 

genes, these differences are caused by IL-4 and IL-13 reagents in the CM. qPCR fold change of key profibrotic 

genes (A) (VEGF, CTGF, POSTN, PDGFa), of (B) apoptosis-related genes (Cox2, PGE synthase, EP2, EP4), and of 

anti-apoptotic genes (C) (BCL2, survivin, XIAP). *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. All figures 

show representative data from at least three experiments, n=3-4. 

Although increased AEC apoptosis with M2 CM is not an effect of polarizing reagents, the 

phenomenon is likely due to a promiscuous protease 

Repeated microinjuries to the lining of the lung cause AECs to apoptose during 

fibrosis3,228–230. We used the Caspase-Glo 3/7 assay to quantify differences in AEC apoptosis 
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after AEC treatment with M1 or M2 macrophage CM. In this assay, the kit provides a substrate 

that luminesces when it is cleaved by activated caspase 3/7. While AEC treatment with M1 CM 

increased caspase-3/7 activation over the serum free control, AECs given M2 CM exhibited a 

nearly five-fold increase in activation compared to the negative control (Figure 15A) and this 

difference was not recapitulated by the polarization growth media (Figure 16).  

 
Figure 15: While M2 CM appears to induce greater AEC apoptosis than M1 CM as measured via Caspase-

Glo Luminescence assay, further verification supports no difference in AEC apoptosis treated with M1 or M2 

CM. (A) AECs topped with 50µl of M2 CM have robustly increased caspase 3/7 activation over AECs given M1 

CM using Caspase-Glo assay, (B) AECs given M1 or M2 CM show no difference in viability as measured by MTT 

assay, and (C) flow cytometry of AECs plated on fibronectin show no differences in apoptotic phase or expression 

of apoptotic protein markers Apotracker and Zombie Violet after treatment with M1 or M2 CM for 24hrs. *: p<0.05,  

**: p<0.01, ***: p<0.001, ****: p<0.0001. Representative data shown, all experiments repeated 2-7 times, n=2-5. 

 To further quantify these differences in apoptosis rate, we performed a MTT cell viability 

assay with AECs given either M1 or M2 CM. Surprisingly, this experiment yielded no difference 

in overall viability between M1 CM-treated or M2 CM-treated cells (Figure 15B). As such, we 

sought to re-validate our caspase-glo 3/7 AEC apoptosis assay through a secondary method.  
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Figure 16: M2 CM appears to induce AEC apoptosis more robustly than polarizing growth media using 

Caspase-Glo luminescence assay. Relative caspase-3/7 activation in AECs given different types of CM as 

measured by luminescence from Caspase-Glo 3/7 kit. (A) positive control TGF- (4ng/ml) induces caspase 3/7 

activation while LPS (20ng/ml) does not and (B) AECs topped with 50µl of M2 CM have robustly increased caspase 

3/7 activation over AECs given serum-free media (SFM) or polarizing growth media containing IL4 (10ng/ml), 

IL13 (10ng/ml), or IL4+IL13. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. Representative data shown, all 

experiments repeated between 2-7 times, n=3-5. 

Using flow cytometry to perform a live/dead stain and to quantify the amount of apoptotic cells 

present in our CM-treated AECs, we found no difference in total apoptosis nor differences in 

stage-specific apoptosis between M1 CM and M2 CM-treated AECs (Figure 15C). 

Consequently, we were forced to consider the likely possibility that the increased luminescence 

detected in Figure 15A was not the result of AEC-derived active caspase-3/7, but rather, because 

of a caspase-3/7 “look-alike” endopeptidase present in the M2 CM that was also able to cleave 

the substrate present in the Caspase-Glo 3/7 kit and yield a false positive result. Figure 17 

demonstrates that M2 CM alone in wells without AECs is able to activate the Caspase-Glo 3/7 

reagent, further supporting the presence of an imposter cell factor. As wells with heat-inactivated 

M2 CM have approximately 245-fold decreased luminescent activity compared to wells with 

non-heated M2 supernatant (Figure 17), we conclude that the masquerading mediator is likely a 

protein or peptidase. 
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Figure 17: Caspase-Glo 3/7 false positive likely caused by a heat-sensitive peptidase present in the M2 CM. 

AECs given either unheated or heated (100°C for 10 minutes) M1 or M2 CM were compared to wells containing no 

AECs and unheated or heated CM to assess the ability of substances in the CM to activate the Caspase-Glo 3/7 

reagent. Fold change data from combined experiments (2 experiments, n=3 each). *: p<0.05, **: p<0.01, ***: 

p<0.001, ****: p<0.0001. 

Transcriptome data for secreted proteins from RNAseq analysis suggests possible candidates for 

caspase-3/7 “lookalike” 

 To winnow down the protein/peptidase candidates likely responsible for this unexpected 

caspase-3/7 cleavage, we returned to our M1-M2 RNAseq dataset and used Python to visualize 

categories of genes for secreted proteins that are differentially expressed in M1 and M2 

BMDMs. We noticed that M2 BMDMs have an increased number of differentially expressed 

genes for secreted proteases compared to M1 BMDMs (Figure 18A) (23 upregulated genes for 

secreted proteins in M2s compared to only 5 upregulated in M1s), further implicating the 

presence of a secreted protease causing the false positive signals in Figure 15A, 16B, and 17. 

Using the ClueGO plug-in within Cytoscape, we organized all genes for secreted proteins into 

family gene group clusters based on molecular function for the M1 (Figure 18B) and M2 

transcriptomes (Figure 18C) (See Figure 20 for pictorial depiction of groups and nodes from 

Figures 18A-B, see Supplemental Tables 3-6 for complete gene list by category). As expected, 
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the M1 transcriptome for secreted proteins contains gene families related to the immune response 

including cytokine binding (5%), cytokine receptor binding (26%), and receptor ligand activity 

(30%) with a total of 9 distinct molecular function groups. In contrast, the M2 transcriptome for 

secreted proteins contains 19 groups covering a wider array of molecular function (Figure 18C). 

A sizeable percentage of genes are present in molecular functions including integrin binding 

(6%), heparin binding (8%), growth factor binding (8%), peptidase activity (13%)/positive 

regulation of peptidase activity (2%), receptor regulator activity (21%), and signaling receptor 

regulator activity (12%).  
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Figure 18: M1 and M2 BMDMs have different transcriptome profiles for secreted proteins based on RNAseq 

analysis. (A) RNAseq data show an increased number of genes for secreted proteases in M2 BMDMs (negative log2 

values) compared to M1 BMDMs (positive log2 values). BMDMs polarized to an M1-like (B) or M2-like (C) 

phenotype show differences in molecular function categories as calculated by the ClueGO plugin of Cytoscape. In 

(B) and (C), ClueGO analysis organized upregulated genes into groups by molecular function as described in 

Methods. Percentages were calculated by dividing the number of genes present in each molecular function group 

divided by the total number of all genes.  

As the most robust phenotypic effect was noted in the M2 CM (Figures 15A) and heat 

inactivation of the macrophage CM effectively reduced the false positive signal (Figure 17), we 



 52 

further refined our analysis to genes listed in the “peptidase activity” molecular function group of 

the M2 genes encoding secreted proteins. ClueGO analysis of the molecular function (Figure 

19A) and biological processes (Figure 19B) of the listed peptidases from the M2 genes encoding 

secreted proteins of Figure 18C showed hits for peptidase activity (32%), endopeptidase activity 

(26%), and metalloendopeptidase activity (10%). Interestingly, additional hits included both 

negative regulation of cysteine-type endopeptidase activity involved in the apoptotic process 

(3%) and serine-type peptidase activity (13%). We consequentially used inhibitors against 

cysteine-type peptidases and against serine-type peptidases with the M1 and M2 CM to 

investigate which family of peptidases was responsible for cleaving the luminescent substrate. 

Inhibiting protease activity in M1 CM unsurprisingly had no effect on luminescence, as overall 

caspase-3/7 substrate cleavage was already low with this CM (Figure 19C). Interestingly, the 

Pierce™ pan-protease cocktail inhibitor was most successful at reducing luminescence in M2 CM 

compared to serine peptidase inhibitors or cysteine peptidase inhibitors alone and it inhibited 

peptidase activity in a dose-dependent manner (Figure 19D). Although the exact formula is 

proprietary, this protease cocktail includes E64, aprotinin, AEBSF, leupeptin, bestatin, and 

pepstatin A. As neither E64, aprotinin, or AEBSF alone altered caspase-3/7 substrate cleavage in 

the M2 CM, it is unlikely that one of these inhibitors is responsible for decreased enzyme 

activity noted with the pan-peptidase inhibitor. Decreased caspase-3/7 substrate cleavage is also 

not likely caused by leupeptin, as leupeptin is a serine and cysteine protease inhibitor and thus 

targets the same protease families as E64, apoprotin, and AEBSF together. As bestatin targets 

amino-peptidases and pepstatin A targets aspartic acid proteases, it is likely that the M2 CM 

contains either an amino-peptidase or aspartic acid protease that is cleaving our luminescent 

substrate.  



 53 

 
Figure 19: M2 transcriptome data highlights proteases that may be responsible for cleavage of Caspase-Glo 

3/7 substrate in the AEC apoptosis assay.  Peptidases defined in the M2 transcriptome for secreted proteins 

(Figure 18) were further characterized by molecular function (A) and biological process (B) and re-analyzed with 

ClueGO as described in Methods. Pre-treatment of M1 CM (C) or M2 CM (D) with protease inhibitors Pierce™ 

pan-cocktail (PC – 5x and 0.5x standard concentration), aprotinin (0.75µM), E-64 (1µM), or AEBSF (1µM) was 

done to quantify depletion of luminescence. *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. Experiments 

repeated twice, n=3-4. 

Discussion 

Evidence in the literature over the last two decades has shown that macrophages are 

critical in fibrosis development and that their secreted factors are important in cell crosstalk. In 
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this paper, we used RNAseq to confirm BMDM polarization to accepted M1/M2 phenotypes. 

Although no paper to our knowledge has performed RNAseq on polarized wild type mouse 

BMDMs, our data reveal similarities to gene expression profiles found in polarized rat BMDMs 

by Guo et al., 2019231. Like Guo et al., we detected increased pathway enrichment for 

chemokine/cytokine pathways in M1 BMDMs and increased enrichment for cell processing in 

M2 BMDMs. We also noted high levels of CCR7, CD86 and low Arg1 in M1 BMDMs 

compared to high CD68, CD163, Arg1 and low expression of CD86 and CCR7 in M2 BMDMs. 

These similarities in both enrichment pathways and genes associated with a polarized BMDM 

phenotype confirm the utility of this RNAseq dataset for further interrogation by other members 

of the scientific community.  

In addition to the polarization differences yielded in our RNAseq dataset, qPCR analysis 

of M1 and M2 BMDMs depicted expected differences in Arg1, iNOS, TNF, IL-10, Fizz1, 

CD163, CD206 and HB-EGF concordant with other studies in the literature13,14,102,131 (Figure 

10). Although we restricted our macrophage polarization to the broad “M2” phenotype, it is 

important to note that others have determined that use of different polarization cytokines can 

beget a wider range of macrophage phenotypes. Although existing work shows that these 

subgroups may have different functions from each other in vivo232,233, there is inconsistent 

evidence of strong transcriptional differences between the subsets13,233,234. As such, we decided 

to use the conventional IL-4+IL-13 polarization conditions to create the M2 BMDM phenotype. 

Fibroblast treatment with M2 CM yielded expected profibrotic changes in overall 

migration and expression of ECM and anti-apoptotic proteins (Figure 12, Figure 13). Although 

these profibrotic effects of increased fibroblast migration with M2 CM had not been previously 

reported, there was a lack of statistical difference in fibroblast functional outcomes for 



 55 

fibroblasts treated with macrophage CM compared to those treated with polarizing growth media 

containing IL-4+IL-13. Evidence from the literature shows that IFN is a strong inhibitor of 

fibroblast proliferation in human lung fibroblasts235–238, while other studies show that IL-4 may 

promote fibroblast proliferation, though in different organs61,239–241. These data together provide 

evidence to conclude that the polarizing reagents are likely wholly responsible for M1-M2 CM-

mediated proliferation differences (Figures 12A, B). There is scant evidence connecting any of 

our polarization cytokines to fibroblast migration; consequently, our observation that IL-4+IL-13 

enhances lung fibroblast migration is a novel and potentially unexpected finding. 

Fibroblast treatment with M2 CM also yielded increased expression in ECM and anti-

apoptotic proteins (Figure 13). While IL-4 has been shown previously to increase levels of pro-

alpha collagen 1 in human fibroblasts, it is surprising that the IL-4+IL-13 combination appears 

responsible for all increases in profibrotic protein expression in fibroblasts receiving M2 CM. 

This is in part because many different mediators have been shown to increase expression of 

ECM proteins, including TGF-, CCL18/PARC, Arg1, and Fizz1122,131,242,243. That IL-4+IL-13 

can induce the same phenotype as M2 macrophage CM that itself contains an even wider 

plethora of profibrotic mediators suggests the dominance of IL-4 and IL-13 in the lung milieu 

and that their effects supersede those of other mediators that could also be present in fibrotic 

macrophages.  

AEC production of profibrotic mediators (Figure 14) and apoptosis are common 

indicators of fibrosis. Surprisingly, MTT and flow cytometry analysis (Figure 15) indicated no 

statistical differences in AEC apoptosis between cells that had received M1 or M2 CM. This lack 

of difference put alongside the well-accepted theory that AECs apoptose in the fibrotic lung, 

could suggest that AEC apoptosis requires juxtacrine signaling from macrophages. If this is 
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correct, it could be that for the most robust apoptotic response, cells adjacent to AECs are primed 

by injury cytokines such as IL-4, which have been documented previously to be more prevalent 

in the fibrotic lung from M2-like macrophages244. These local cytokines may then promote a 

juxtacrine signal in an adjacent cell that is responsible for AEC apoptosis. Future experiments 

can determine whether cell-cell contact with M2 macrophages alters AEC apoptosis. 

Given that our M2 CM contained a protease able to cleave a Caspase 3/7 substrate, we 

sought to understand the specific molecular function of the protease genes upregulated in the M2 

secreted transcriptome. We performed a similar analysis to Figure 18 but limited our inputted 

data to the 49 unique genes present in “peptidase activity” (Figure 19A, Supplemental Table 5, 

Figure 21; Figure 19B, Supplemental Table 6, Figure 21). Within this second analysis, functional 

categories included variants of peptidase activity (endopeptidase activity, peptidase activity, 

metalloendopeptidase activity) but interestingly, it also included “negative regulation of 

cysteine-type endopeptidase activity involved in the apoptotic process.” Despite the prominence 

of serine and cysteine proteases in the RNAseq data, treatment of M1 and M2 CM with serine 

protease inhibitors AEBSF and aprotinin and cysteine protease inhibitor E64 did not yield any 

reduction in caspase-3/7 substrate cleavage (Figures 19C, 19D). This is contrary to our 

expectations, particularly because caspase 3 is a cysteine-aspartic protease which would have 

indicated a likely submission to a cysteine-specific inhibitor245. Our collective data implicate an 

aspartic acid protease in the M2 supernatant responsible for cleaving the luminescent substrate.  
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Figure 20: Cytoscape and ClueGO software organizes genes for secreted proteins in the M1 and M2 

transcriptome into defined groups by molecular function. Molecular function of upregulated genes by group and 

labeled by function in the (A) M1 and the (B) M2 transcriptome for secreted proteins. These images serve as the raw 

data for the pie charts in Figure 18.  

BLASTing the list of 22 differentially expressed secreted proteases from Figure 18A 

against the MEROPS peptidase database (https://www.ebi.ac.uk/merops/) (Supplemental Table 

7) yielded a list of 14 metalloproteinases, 13 serine proteases/endopeptidases, and the aspartic 

acid protease cathepsin D (Ctsd). Of the 22 proteases, we considered cathepsin D to be the most 

likely candidate based on its function as an aspartic acid protease and its known role in animal 

https://www.ebi.ac.uk/merops/
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models of pulmonary fibrosis246–250. However, use of recombinant mouse cathepsin D in our 

caspase-glo assay revealed no increase in substrate-cleavage-based luminescence over the SFM 

control, despite doses ranging from 50µg/ml to 6.25ng/ml (data not shown). Of the remaining 21 

proteases, 12 remain that are upregulated in M2 BMDMs and are not serine proteases 

(Supplemental Table 7). These proteases include members of the matrix metalloproteinase 

(MMP) family (Mmp11, -17, -23) and members of a disintegrin and metalloproteinase with 

thrombospondin motif (Adamts) family (Adamts1, -10, -12, -2, -5). Though evidence connecting 

Adamts genes to pulmonary fibrosis is limited251, MMPs have been highly implicated in IPF and 

animal models of pulmonary fibrosis252. Thus, it is possible the substrate cleavage detected in the 

M2 CM is a result of a combinatorial effect of these proteases or to a different protease that was 

not detected in our analysis of the 5% most upregulated genes.  
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Figure 21: Cytoscape and ClueGO software organizes genes for the secreted proteins in the M2 transcriptome 

into defined groups by molecular function and biological process. ClueGO-Cytoscape groups of peptidases, as 

determined by genes for secreted peptidases, in the M2 transcriptome by molecular function (A) and by biological 

process (B). These images serve as the raw data for the pie charts in Figure 19.  

Current work in the field supports a highly dynamic and nuanced role of macrophages in 

the development and progression of pulmonary fibrosis. Although profibrotic macrophages are 

known to secrete cytokines that are important for cell crosstalk, this study is the first to date to 

have considered the role of polarizing cytokines in the growth media as major contributors to 
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promoting profibrotic phenotypes in neighboring cells in vitro or used a systematic approach to 

determine whether fibroblast or alveolar epithelial cell responses were attributable to 

macrophages or polarization factors. In addition to providing a novel RNAseq dataset that can be 

interrogated by future researchers, the data in this paper provide further evidence that the 

profibrotic effects associated with M2 macrophages are more likely related to polarization 

cytokines than on other M2-secreted factors on lung structural cells, at least in these in vitro 

assays. While a limitation of this study is that it used polarized BMDMs rather than lung 

macrophages or moAMs which may have different transcriptomes and thus secretomes, our 

results support the concept that elevated IL-4 and IL-13 in lung fibrosis are critical features 

driving the phenotypes of macrophages, fibroblasts, and AECs. We also identify the fact that M2 

macrophages secrete a protease or proteases that can give a false positive cleavage of the 

Caspase 3/7 Glo-substrate; thus future experiments should always test supernatant alone as a 

control in such experiments. 

 

*Note: The contents of this chapter have already been published as a scientific journal article as:  

 

Hult, E. M., Gurczynski, S. J. & Moore, B. B. M2 macrophages have unique transcriptomes but 

conditioned media does not promote profibrotic responses in lung fibroblasts or alveolar 

epithelial cells in vitro. Am. J. Physiol. Lung Cell. Mol. Physiol. 321, L518–L532 (2021).
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Chapter 3: Lyz2Cre-Mediated Deletion of HB-EGF in Myeloid and Lung Epithelial Cells 

Protects Against Lung Fibrosis 

Abstract 

Idiopathic pulmonary fibrosis (IPF) is a poorly understood, progressive, and often lethal 

lung disease with no known cure. In addition to alveolar epithelial cell (AEC) injury and 

excessive deposition of extracellular matrix proteins, chronic inflammation is a hallmark of IPF. 

There is evidence in the literature to support that the persistent inflammation seen in IPF 

primarily consists of monocytes and macrophages. Recent work demonstrates that monocyte-

derived alveolar macrophages (moAMs) drive lung fibrosis, but further characterization of 

critical moAM cell attributes is necessary. Heparin-binding epidermal growth factor-like growth 

factor (HB-EGF) is an important EGFR (epidermal growth factor receptor) ligand that has 

essential roles in angiogenesis, wound healing, keratinocyte migration, and epithelial-

mesenchymal transition. Past work in the lab has shown that HB-EGF is a primary marker of 

profibrotic M2 macrophages, and as such, we were interested to test its role as a major myeloid-

derived profibrotic effector. This study seeks to characterize myeloid-derived HB-EGF and its 

primary mechanism of action in bleomycin-induced lung fibrosis using Hbegff/f;Lyz2Cre mice. 

Here, we show that IPF patients and fibrotic mice have increased expression of HB-EGF and that 

lung macrophages of fibrotic mice all express HB-EGF. We also show that Hbegff/f;Lyz2Cre 

mice are protected from bleomycin-induced fibrosis and that this protection is likely 

multifactorial, caused by genotypic differences in CCL2-dependent monocyte migration, 
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decreased fibroblast migration, and decreased contribution of HB-EGF from AEC sources when 

HB-EGF is removed under the Lyz2Cre promoter. 

Introduction 

The most common form of interstitial lung disease, idiopathic pulmonary fibrosis (IPF) is 

a progressive fibrotic lung disease with increasing incidence and high mortality8,14,253. Although 

the etiology of IPF remains incompletely understood, evidence in the field suggests that in IPF, 

perpetual injuries to the epithelium, resulting inflammation, accumulation of fibroblasts and 

increased deposition of extracellular matrix (ECM) proteins by activated myofibroblasts leads to 

stiffening of the lung, impaired gas exchange, and ultimately respiratory failure10,13,85,254.  

The dynamic role of innate immune cells in IPF pathogenesis has gained traction 

throughout the last ten years with evidence showing that both monocytes and macrophages are 

highly implicated in fibrosis8,14,83,102,103,110,116. Higher levels of circulating monocytes predict IPF 

disease progression2,105,107 and in mice, depleting circulating monocytes (liposomal clodronate) 

or limiting their recruitment (CCR2-/- animals) to the lung results in ameliorated fibrosis4,83,255. It 

has been well-documented that inflammation triggers monocytes to travel to sites of injury and 

differentiate into inflammatory macrophages256,257. In the lung, bone marrow-derived monocytes 

recruited to the lung pass through an interstitial macrophage phenotype as they differentiate to 

monocyte-derived alveolar macrophages (moAMs)6,7. Recent work by Misharin et al. showed 

that genetic deletion of moAMs after their recruitment to the lung in mice results in protection 

from fibrosis6. Through the results of this work and others, moAMs are now considered to be the 

primary causal macrophage responsible for pulmonary fibrosis and there has been renewed 

energy to determine the role of moAMs in the lung and discover druggable targets against this 

cell type7. 
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First isolated from macrophage supernatant and expressed by profibrotic M2-like  

macrophages258,259, heparin-binding epidermal growth factor-like growth factor (HB-EGF) is one 

of four high-affinity binding ligands for epidermal growth factor receptor (EGFR)149. A critical 

molecular component in cell maintenance and repair, HB-EGF is also known for its role in 

wound healing: it is the predominant growth factor involved in epithelialization in skin wound 

healing, induces keratinocyte migration and invasiveness, and has essential roles in tissue 

healing, angiogenesis, proliferation, differentiation, and epithelial-mesenchymal 

transition150,151,164,165,260.  

However, the role of HB-EGF in pulmonary diseases is complex and data in the literature 

have attributed HB-EGF with both profibrotic and antifibrotic effects145,151,164,208,261–263. For 

example, evidence shows HB-EGF acting in a profibrotic manner in chronic obstructive 

pulmonary disease (COPD) patients: HB-EGF induces airway remodeling and epithelial 

mesenchymal transition (EMT) in human bronchial epithelial cells in COPD patients and its 

increased expression in sputum and lung tissue in COPD patients is positively correlated with 

disease severity151,208. Alternatively, HB-EGF acts in an antifibrotic manner in mouse models of 

pulmonary emphysema: HB-EGF promotes survival, increases body weight, attenuates lung 

injury, inflammatory cell, and cytokine infiltration, and prevents lung function decline262. 

No studies to date have examined the role of HB-EGF in IPF patients nor used the 

bleomycin mouse model to investigate HB-EGF as a primary focus. In this paper, we seek to 

understand the effects of HB-EGF in the lung using ex vivo techniques and conditional 

Hbegff/f;Lyz2Cre animals. Here, we show that expression of HB-EGF is increased in IPF patients 

and in fibrotic mice and that moAMs of fibrotic mice express HB-EGF. We also show that 

Hbegff/f;Lyz2Cre mice are protected from bleomycin-induced fibrosis and that this protection is 
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likely multifactorial, caused by genotypic differences in CCL2-dependent monocyte migration, 

decreased fibroblast migration, and decreased contribution of HB-EGF from epithelial cell 

(AEC) sources when HB-EGF is removed under the Lyz2Cre promoter. 

Materials and Methods 

IPF patient study 

The data included in this paper are sub-analyses performed on data originally collected for the 

COMET clinical trial (clinicaltrials.gov, clinical trial ID no. NCT01071707). For detailed 

methods and full descriptions of the patient population, patient characteristics, sample 

preparation, and statistical analysis, please see reference (264). 

In brief, the COMET study was an observational cohort study of well-defined IPF 

patients followed prospectively at 16-week intervals up to 80 weeks. Patients were diagnosed as 

having IPF based on characteristic computed tomography (CT) scans or usual interstitial 

pneumonia pathology confirmed by lung biopsy. Patients were allowed to stay on current 

treatments (and statistical analysis showed no differences between patients receiving treatments 

and those who did not; note this study was performed prior to FDA approval of current IPF 

medications). The combined endpoint was progression-free survival as determined by the time 

until any of the following: death, acute exacerbation of IPF, lung transplant, or relative decrease 

in forced vital capacity (FVC, liters) of ≥10% or DLCO (ml·min−1·mmHg−1) of 15%. Sixty 

patients who had clinical follow up over the course of 80 weeks (518-645 days) were selected for 

plasma analysis for potential biomarkers. Peripheral blood was collected and plasma aliquots 

were sent to SomaLogics (Boulder, CO) for analysis on the SOMAscan panel (1129 analytes). 

SOMAmer analytes were reported in relative fluorescent units (RFU) and are directly 

proportional to the amount of protein in the original plasma sample. The ability of each of the 

http://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01071707
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1129 continuous biomarkers to predict IPF progression status at 80 weeks was evaluated via 

ROC curves and a biomarker threshold was chosen to maximize the combined sensitivity plus 

specificity for each analyte264. For this report, sensitivity and specificity was determined for 

different thresholds of the measured biomarker, where high HB-EGF RFU values or high EGFR 

RFU values, respectively, were used to flag progression. The maximum sensitivity plus 

specificity of HB-EGF was achieved using a threshold of 810.2 RFU. Kaplan-Meier curves for 

groups above and below this threshold showed significantly worse progression for those below 

810.2 RFU (logrank p=0.02, RMST p=0.03). The maximum sensitivity plus specificity of EGFR 

was achieved using a threshold of 34301.3 RFU. Kaplan-Meier curves for groups above and 

below this threshold showed significantly worse progression for those below 34301.3 RFU 

(logrank p=0.02, RMST p=0.02).  

Animals and Housing 

Six- to eight-week-old house-bred male and female Hbegff/f;Lyz2Cre mice (kindly provided by 

Dr. Howard Crawford, Henry Ford Health System, Detroit, MI222,265), were housed in specific 

pathogen-free conditions at the University of Michigan Animal Care Facility (Ann Arbor, MI). 

Male and female age-matched in-house bred Lyz2Cre+ (parent pair (B6.129P2-Lyz2tm1(cre)Ifo/J 

strain: #004781) purchased from The Jackson Laboratory; Bar Harbor, ME) or in-house bred 

C57Bl/6J mice in some experiments were used as control animals and housed identically to the 

Hbegff/f;Lyz2Cre mice. All animal experiments were approved by the Institutional Animal 

Committee on Use and Care (IACUC) at the University of Michigan and were performed in 

accordance with the National Institutes of Health policies on the humane care and use of 

laboratory animals. 

Bleomycin Administration 
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Mice were anesthetized with a mixture of ketamine and xylazine. Bleomycin (1U/kg) was 

administered to mice via oropharyngeal inoculation during which 50 µL of bleomycin (or saline 

control) was pipetted into the back of the throat while the tongue was pulled forward to allow the 

solution to be aspirated into the lungs. Mice were euthanized for downstream experiments on 

days 3, 7, or 21 post-administration via CO2 asphyxiation.  

Lung homogenate collection, bronchoalveolar lavage (BAL) and protein concentration assays 

For lung homogenate studies, mouse lungs were perfused with PBS, then ancillary lobe removed 

and snap frozen in liquid nitrogen. The lobe was then homogenized in Trizol (ThermoFisher, 

Waltham, MA) for RNA extraction. 

Bronchoalveolar lavage (BAL) fluid and BAL cells were collected as previously 

described4. In short, mouse tracheas were cannulated with tubing and were lavaged twice with 

1ml of PBS/5 mM EDTA (Sigma-Aldrich, St. Louis, MO) for a total volume of 2 ml (recovery 

volume ~1.4-1.6 ml). To remove BAL cells, BAL fluid was spun at 1500 rpm and the 

supernatant was removed. Total protein content in BAL fluid was measured using a modification 

of the Bradford protein assay (Bio-Rad, Hercules, CA) according to the manufacturer’s 

instructions. Concentration of CCL2 and albumin in the BAL fluid were measured via ELISAs 

according to the manufacturer’s instructions (mouse CCL2/JE/MCP-1 DuoSet ELISA #DY479, 

R&D Systems, Minneapolis, MN; mouse Albumin ELISA (Kit #E99-134, Bethyl Laboratories, 

Inc., Montgomery, TX).  

Total lung cell preparation, cell marker staining for flow cytometry, PrimeFlow staining, and 

tSNE analysis  
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Total lung cells were collected at days 3, 7, or 21 post-bleomycin administration as previously 

described4. Lungs were finely minced with scissors, then enzymatically digested at 37°C for 30 

minutes in a solution containing Dulbecco's modified Eagle's medium (DMEM; Invitrogen 

Corp., Carlsbad, CA), 10% fetal calf serum (FCS), 1 mg/ml collagenase (Sigma), and 30 µg/mL 

DNAse. After incubation, the cell suspension was filtered through a 100 µM filter and 

centrifuged through a 20% Percoll (Sigma) gradient. Total lung cells were counted on a 

hemocytomer and cell viability was assessed by trypan blue exclusion. 

After total lung cells were isolated, nonspecific Fc binding was blocked with a CD16/32 

antibody (cat# 553142, BD Biosciences, San Jose, CA) while incubating on ice for 15 minutes, 

after which primary antibodies were added to cell samples for 30 minutes in the dark at 4oC. For 

experiments requiring intracellular staining, cells were fixed and permeabilized in Fix/Perm 

buffer (eBioscience FoxP3/Transcription Factor Fixation/Permeabilization; Invitrogen, Carlsbad, 

CA) immediately after extracellular staining, then intracellular antibodies were added to the 

samples in the dark at room temperature for 30 minutes. After staining, cells were washed and 

fixed in 4% paraformaldehyde. Where applicable, fold change was calculated with normalized 

total cell numbers by setting the average of wild type and Hbegff/f;Lyz2Cre saline to one. Fold 

change samples were analyzed using an unpaired student t-test (2 group analysis). Total cell 

number were compared between samples using one-way ANOVA analysis with GraphPad Prism 

or Kruskal-Wallis test. The following antibodies were used: Zombie Violet (cat# 423113), 

Apotracker Green (cat# 427401), Ly6C-PE/Cy7 (cat# 128018), CD24-PerCP/Cy5.5 (cat# 

101824), Ki67-PE (cat# 151209), CD11b-PE/Cy5 (cat# 101209), and CD64-PE (cat# 139303) 

from Biolegend (San Diego, CA), SiglecF-APC/Cy7 (cat# 565527), CD45-BV510 (cat# 

563891), MHCII (I-A/I-E)-BV650 (cat# 563415), and Ly6G-APC (cat# 560599), from BD 
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Biosciences (San Diego, CA), and CD11c-PEefluor from Invitrogen (cat# 61-0114-82). See 

Figure 22 below for a representative flow gating scheme. 

 
Figure 22: Representative flow gating of a d7 bleomycin-treated mouse. (A) all cells → (B) doublets removed 

→ (C) CD45+ cells → (D) myeloid cells (CD11b+CD11c+) → (E) removal of all Ly6G- cells (neutrophils) → (F) 

CD64+ cells. From the CD64+ cells, macrophage subsets can be identified (G): alveolar macrophages (AMs) 

(CD11c+CD11b-SiglecFhi), monocyte-derived alveolar macrophages (moAMs) (CD11c+CD11b+SiglecFint), and 

interstitial macrophages (IMs) (CD11b+CD11c-SiglecFlo). Ly6C+ monocytes can also be identified 

(CD64loCD11bhiLy6C+) (H, I). For PrimeFlow experiments, macrophages from (F) were gated to be HB-EGF+ 

before looking at subsets (G). 
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For RNA PrimeFlow experiments, lung cells were isolated and stained with extracellular 

antibodies as described above. Downstream staining and procedures were done according to the 

manufacturer’s instructions (https://www.thermofisher.com/us/en/home/life-science/cell-

analysis/flow-cytometry/flow-cytometry-assays-reagents/rna-detection-flow-cytometry.html, 

ThermoFisher, Waltham, MA). The following PrimeFlow-specific intracellular probes were 

used: HB-EGF-AlexaFluor 647 (cat#VB1-15478-PF), ActB-AlexaFluor 750 (cat#VB6-12823-

PF), and DapB-AlexaFluor 568 (cat#VF10-10409-PF). The following antibodies were used in 

PrimeFlow experiments: MHCII-BV421 (cat# 562564), CD45-BV510 (cat# 740140), SiglecF-

BB515 (BD cat# 564514) from BD Biosciences and CD11c-PE/Dazzle (cat# 117348), CD11b-

BV650 (cat# 101259), CD64-BV605 (cat# 139323), Ly6G-BV570 (cat# 127629), Ly6C-PE/Cy7 

(cat# 128017), and Thy1.2-AF700 (cat# 105319) from Biolegend. All primeflow experiments 

were gated as described above (“flow gating scheme”) through CD64+ (all macrophages). Cells 

were then gated on HB-EGF and all HB-EGF+ cells were labeled based on their CD11c, CD11b, 

and SiglecF expression (see Figure S1). tSNE was conducted in FlowJo v10.5 using a perplexity 

of 75. 

Hydroxyproline Assays and Histology 

Detailed descriptions of both hydroxyproline and histology assays can be found in (4). Briefly, 

for analysis of hydroxyproline content, lungs were perfused, and lung lobes removed. Lobes 

were homogenized in PBS and baked overnight with 12 N hydrochloric acid (HCl) at 110° C. 

Sample aliquots were assayed by subsequently adding a solution of chloramine T followed by 

Ehrlich’s reagent prior to baking at 65°C for 15 min. Absorbance was measured at 550 nm, and 

the amount of hydroxyproline was determined against a standard curve composed of rat tail 

collagen (Sigma).  

https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometry-assays-reagents/rna-detection-flow-cytometry.html
https://www.thermofisher.com/us/en/home/life-science/cell-analysis/flow-cytometry/flow-cytometry-assays-reagents/rna-detection-flow-cytometry.html
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 For histology, lungs were exsanguinated with PBS, then inflated with 1 ml of 10% 

neutral buffered formalin. The lungs were then removed and fixed overnight in formalin before 

being dehydrated in 70% ethanol. Lungs were processed using standard procedures and 

embedded in paraffin. Sections (3–5 μm) were cut, mounted on slides, and stained with H&E or 

Masson’s trichrome blue for collagen deposition. 

RT-qPCR 

RNA for RT-qPCR experiments was obtained from isolated cells via Trizol (ThermoFisher) 

extraction following the manufacturer’s protocol. The RNA concentration was normalized 

between samples to GAPDH or β-actin expression and qRT-PCR was performed on an ABI 

StepOnePlus real-time thermocycler (ThermoFisher) using a TaqMan® RNA-to-Ct™ 1-Step Kit 

(ThermoFisher) following the manufacturer’s protocol. All primers and probes used in this study 

are listed in Table 1. 

 
Table 2: Primers and Probes for Chapter 3 

Gene Direction Sequence 

GAPDH Forward 5'-GGGCCACGCTAATCTCATTT-3' 

 Reverse 5'-ATACGGCCAAATCCGTTCAC-3' 

 Probe 5'-CTCCTCGAGCCTCGTCCCGT-3' 

b-actin Forward 5'-CCGTGAAAAGATGACCCAGATC-3' 

 Reverse 5'-CACAGCCTGGATGGCTACGT-3' 

 Probe 5'-TTTGAGACCTTCAACACCCCA-3' 

Hbegf Forward 5'-CGGTGATGCTGAAGCTCTTT-3' 

 Reverse 5'-GCTGGTTTGTGGATCCAGTG-3' 

 Probe 5'-ACGCGGACAACACTGCGGCC-3' 

Collagen 1 Forward 5'-TGACTGGAAGAGCGGAGAGTACT-3' 

 Reverse 5'-GGTCTGACCTGTCTCCATGTTG-3' 

 Probe 5'-CTGCAACCTGGACGCCATCAAGG-3' 

Collagen 3 Forward 5'-GGATCTGTCCTTTGCGATGAC-3' 

 Reverse 5'-GCTGTGGGCATATTGCACAA-3' 

 Probe 5'-TGCCCCAACCCAGAGATCCCATTT-3' 
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Fibronectin Forward 5'-TCGAGCCCTGAGGATGGA-3' 

 Reverse 5'-GTGCAAGGCAACCACACTGA-3' 

 Probe 5'-CTGCAGGGCCTCAGGCCGG-3' 

survivin Forward 5'-GATCTGGCAGCTGTACCTCA-3' 

 Reverse 5'-ATCAGGCTCGTTCTCGGTAG-3' 

 Probe 5'-CTGGAGGACTGCGCCTGCAC-3' 

XIAP Forward 5'-ACCCTGCCATGTGTAGTGAA-3' 

 Reverse 5'-TCTCTGGGGGTTAAATGAGC-3' 

 Probe 5'-TGAAGTCATTTCAGAACTGGCCGG-3' 

BCL2 Forward 5'-GGAGTGTGAGGACCCAATCT-3' 

 Reverse 5'-CAACCACACCATCGATCTTC-3' 

 Probe 5'-AGCCCCAGACCCCAACTCC-3' 

Periostin Forward 5'-GGGGTTGTCACTGTGAACTG-3' 

 Reverse 5'-CGGCTGCTCTAAATGATGAA-3' 

 Probe 5'-CGTGTCCTGACACAAATTGG-3' 

VEGF Forward 5'-CTTGCAGATGTGACAAGCCA-3' 

 Reverse 5'-GAGAGGTCTGGTTCCCGAAA-3' 

 Probe 5'-TGCAGCCTGGCTCACCGCCT-3' 

CTGF Forward 5'-GAGTGTGCACTGCCAAAGAT-3' 

 Reverse 5'-GGCAAGTGCATTGGTATTTG-3' 

 Probe 5'-CGCAGCGGTGAGTCCTTCCA-3' 

PDGFa Forward 5'-CGAAGTCAGATCCACAGCAT-3' 

 Reverse 5'-GGGCTCTCAGACTTGTCTCC-3' 

 Probe 5'-CCGGGACCTCCAGCGACTCT-3' 

Cox2 Forward 5'-TGACCCCAAGGCTCAAAT-3' 

 Reverse 5'-GAACCCAGGTCCTCGCTTATG-3' 

 Probe 5'-TTTGCCCAGCACTTCACCCATCAG-3' 

PGE synthase Forward 5'-AACCTGGGCGAGTGGATCT-3' 

 Reverse 5'-CTGTAAGTGGCTCCAAATGGG-3' 

 Probe 5'-ACATGTGTGTTTCTTAGCCTTTTG-3' 

CCL2 Forward 5'-GGCTCAGCCAGATGCAGTTAAC-3' 

 Reverse 5'-CCTACTCATTGGGATCATCTTGCT-3' 

 Probe 5'-CCCCACTCACCTGCTGCTACTCAT-3' 

EGF Forward 5'-CAACACTGAAGGTGGCTACG-3' 

 Reverse 5'-GTGCGGTAGAGTCGAAACAG-3' 

 Probe 5'-CCCGTCTCCTTCGTAGCCTTCTGAGC-3' 

TGFa Forward 5'-CTGAAGGGAAGGACTGCTTG-3' 

 Reverse 5'-CCTGGCCAAATTCCTCCTCT-3' 

 Probe 5'-CTGCCACTCTGAGACAGTGGTCTGA-3' 
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AREG Forward 5'-GCGAGGATGACAAGGACCTA-3' 

 Reverse 5'-TCGTTTCCAAAGGTGCACTG-3' 

 Probe 5'-CCTCGCAGCTATTGGCATCGGCA-3' 

EREG Forward 5'-GTGCATCTACCTGGTGGACA-3' 

 Reverse 5'-GAAGTGCTCACATCGCAGAC-3' 

 Probe 5'-CAGTGTAGCCCACTTCACATCTGCAGA-3' 

EPGN Forward 5'-AGCAGTCTGCCTCTTGTTCA-3' 

 Reverse 5'-TGTAGTCAGCTTCGGTGTTG-3' 

 Probe 5'-TGCTTCTTCGCTCAGTGCTGCC-3' 

BTC Forward 5'-GCCCTGGGTCTTGCAATTCT-3' 

 Reverse 5'-AGCTCCACAAAGAGAGCCAT-3' 

 Probe 5'-TGTTCCCATCTGCTACCACACAGTGG-3' 

 

Isolation of blood cells for flow cytometry 

Blood was collected immediately after euthanasia with a 26G needle via cardiac puncture in the 

left ventricle and 3 µl of 0.5M EDTA was added to per 100 µl blood to prevent coagulation. 

Blood was then incubated with warmed red blood cell (RBC) lysis buffer for 5 minutes at room 

temperature, neutralized with warmed PBS, spun down and supernatant removed (process 

repeated twice) to remove RBCs. Cells were then counted on a hemocytometer in the presence of 

trypan blue, and aliquoted for flow staining.  

Bone Marrow Transplantation (BMT) 

BMT was performed as described previously266,267. In short, recipient mice were lethally 

irradiated with a total of 13 Gy (delivered in two 6.5 Gy doses spaced 3 hours apart) using a 

137Cesium irradiator. Whole bone marrow cells were isolated from donor mice injected into the 

tail vein of recipient mice at a concentration of 5 x106 cells/200 µl serum-free DMEM. After 

transplantation, mice were given acidified water (pH 3.3) for 3 weeks to limit infection during 

the immunosuppression period and switched to normal water for 2 more weeks. At the end of 
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this 5-week period, total numbers of hematopoietic cells in the lung are considered fully 

reconstituted,268 and mice were treated with bleomycin as detailed above.  

Type II alveolar epithelial cell isolation and apoptosis assay 

Type II alveolar epithelial cells (AECs) were isolated using a whole lung dispase digestion after 

casting airways in low melt agarose as previously described216. In short, mouse tracheas were 

cannulated and filled with ~1.5 ml dispase (BD Biosciences) followed by ~1.5ml of 1% low-

melting-point-agarose (ThermoFisher) to full inflation and promptly placed in cold PBS to 

solidify the agarose. After further digestion in dispase, lung lobes were minced in DMEM with 

0.01% DNase and passed through 100-, 37-, and 25-um nylon mesh filters. Bone marrow-

derived cells were removed by magnetic depletion using anti-CD32 and anti-CD45 antibodies 

(BD Pharmingen) and mesenchymal cells were removed by overnight adherence in a petri dish. 

Nonadherent AECs were then plated at 500,000 cells/well on 24-well plates coated with 

fibronectin (10µg/ml, cat# F2006, Sigma-Aldrich) for RNA extraction or at 50,000 cells/well on 

opaque 96-well plates for apoptosis assays. AEC apoptosis assays were performed as described 

previously259. Upon completion of the assay, CaspaseGlo3/7 (Roche, Indianapolis, IN) was 

added in a 1:1 dilution and activation of caspase-3/7 was measured according to the 

manufacturer’s guidelines. Samples were analyzed using an M3 Microplate Luminometer and 

the value expressed in relative luminescence units compared with control AECs maintained in 

SFM alone. 

Fibroblast isolation, proliferation, and migration assays 
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To isolate fibroblasts, lungs were perfused with sterile PBS, and lobes were extracted and 

minced with scissors. The lung mince was placed in a T175 tissue culture flask with ~30ml 

DMEM+10% FBS and cells were allowed to “grow out” of the lung mince for 14 days.  

 

Fibroblast proliferation assays were completed as described previously259. In short, fibroblasts 

were plated at 10,000 cells/well in a 96-well plate in complete DMEM for 4hrs, followed by 

overnight treatment in SFM. 90 µl of rHB-EGF (25ng/ml, 50ng/ml; Sigma-Aldrich, cat# 

SRP6050) was placed on each well for 48 hours, followed by 10 µl of MTT solution that was 

allowed to incorporate for another 24 hours. Upon completion, the plate was read according to 

manufacturer’s instruction (Sigma-Aldrich).  

 

To investigate fibroblast migration using a scratch wound assay, fibroblasts were plated at 

20,000 cells/well in clear bottomed 96-well plates (Essen Biosciences #4378, Ann Arbor, MI) 

overnight in DMEM+10% FBS. After fibroblast adherence, complete media was washed away 

and replaced with SFM overnight. The next day, a uniform wound gap in each well was created 

using the WoundMaker and starting media was replaced with SFM containing rHB-EGF 

(0ng/ml-100ng/ml). The plate was then placed into IncuCyte (Sartorius, Bohemia, NY) to 

acquire data and images every 4 hours for ~72 hours. Quantification was done using the Analysis 

module in the IncuCyte software. 

Statistics 

The GraphPad Prism software package (GraphPad Software, La Jolla, CA) was used for all 

murine studies’ statistical analyses. All data were first put through outlier and normality tests. If 

normally distributed, differences between experimental groups were determined using one-way 
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ANOVA with a Tukey post-test (for comparing 3 or more groups) or an unpaired t-test (for 

comparing 2 groups). If non-normally distributed, data was analyzed by Kruskal-Wallis test and 

Dunn’s multiple comparison post-test (for 3 or more groups). Differences were considered 

statistically significant when p < 0.05. All data are represented as mean +/- SEM. All 

experiments were repeated, at least, in duplicate with similar results unless noted in individual 

figure legend. Pertinent statistical information, i.e., n-values and p-values, are given in individual 

figure legends.  

Results 

Increased levels of HB-EGF are associated with increased IPF disease progression and fibrosis in 

mice 

As HB-EGF has been shown to have both profibrotic and antifibrotic functions in 

different pulmonary diseases, we decided to begin our study by looking at the relative abundance 

of HB-EGF in IPF patients and in mouse models of fibrosis. The natural course of IPF can vary 

significantly between patients, and previous work has been done to identify relevant biomarkers 

of disease progression in IPF using unbiased proteomics. A study by Ashley et al. collected 

blood plasma from IPF patients enrolled in an observational trial (clinicaltrials.gov, COMET 

clinical trial ID no. NCT01071707) and used a slow off-rate modified aptamer (SOMAmer) 

array to determine an analyte index that could be used in clinical decision making in IPF264. 

Using this dataset, we examined the relative abundance of HB-EGF and its primary receptor, 

EGFR, in blood plasma of “slow-progressing” and “fast-progressing” cohorts of IPF patients. To 

do this analysis, a threshold for each biomarker was chosen to maximize sensitivity and 

specificity. 

http://clinicaltrials.gov/
https://clinicaltrials.gov/ct2/show/NCT01071707
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Interestingly, we noted that IPF individuals who have levels of EGFR and HB-EGF in 

plasma that are above the identified threshold have higher incidence of disease progression as 

defined by any of the following: acute exacerbations, a decline of 15% in diffusion capacity of 

the lung for carbon monoxide (DLCO), or a 10% decline in forced vital capacity (FVC) (Figure 

23A, 23B). Specifically, higher EGFR expression is correlated with more likely IPF progression 

(Logrank test, p= 0.02; RMST, p=0.03) and patients with above-threshold HB-EGF expression is 

also correlated with IPF disease progression (Logrank test, p= 0.02; RMST, p=0.02). These data 

highlight that IPF disease progression is associated with elevated expression of HB-EGF and its 

primary receptor. 

 To further investigate the role of HB-EGF in pulmonary fibrosis, we used the bleomycin 

mouse model. HB-EGF transcript was significantly upregulated 21 days post-bleomycin 

treatment in whole lung (Figure 23C) as well as in the bronchoalveolar lavage (BAL) cells 

(Figure 23D), a primarily macrophage population. Thus, increased levels of HB-EGF are also 

present in a bleomycin mouse model of experimental lung fibrosis. The data also suggest that 

HB-EGF produced by macrophages may be of particular importance in lung fibrosis. 
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Figure 23: Increased levels of HB-EGF are associated with increased risk of IPF disease progression in 

humans and fibrosis in mice. IPF patients with faster disease progression have higher levels of (A) HB-EGF and 

(B) its receptor, EGFR, in their bloodstream and worsened survival compared to IPF patients with slower disease 

progression. Sensitivity and specificity was determined for different thresholds of the measured biomarker, where 

high HB-EGF RFU values or high EGFR RFU values, respectively, were used to flag progression. The maximum 

sensitivity plus specificity of HB-EGF was achieved using a threshold of 810.2 RFU. Kaplan-Meier curves for 

groups above and below this threshold showed significantly worse progression for those below 810.2 RFU (logrank 

p=0.02, RMST p=0.03). The maximum sensitivity plus specificity of EGFR was achieved using a threshold of 

34301.3 RFU. Kaplan-Meier curves for groups above and below this threshold showed significantly worse 

progression for those below 34301.3 RFU (logrank p=0.02, RMST p=0.02). Orange lines indicate patients below 

threshold and blue lines indicate patients above the threshold for faster-progressing disease. Wild type mice treated 

with bleomycin-treated (bleo) mice have increased levels of HB-EGF mRNA expression in the lung homogenate (C) 

and in bronchoalveolar lavage (BAL) cells compared to saline-treated mice. Representative RT-qPCR data in C (2 

experiments, n=4-6) and D (1 experiment, n=4-6). **: p<0.01, ****: p<0.0001. 

Monocyte-derived alveolar macrophages (moAMs) express HB-EGF 

The importance of the innate immune system in the development and progression of IPF 

and experimental lung fibrosis has been well-documented8,83,102,103,110. Recently, work by 

Misharin et al. showed that monocyte-derived alveolar macrophages (moAMs) are the prominent 
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and causal cell type responsible for driving lung fibrosis in mice6. Given the increased 

expression of HB-EGF in BAL cells after bleomycin treatment (Figure 23D), we wondered 

which type(s) of macrophages expressed HB-EGF. To do this, we turned to a form of flow 

cytometry. 

Although antibodies for human HB-EGF are plentiful, there are no validated antibodies 

available to murine HB-EGF. Consequently, we decided to use RNA PrimeFlow 

(ThermoFisher), a technique that allows fluorophores to be conjugated to RNA transcripts rather 

than proteins, to measure HB-EGF mRNA expression in our samples. A benefit of RNA 

PrimeFlow is that it can be used alongside standard fluorophore-protein conjugates; thus, we 

used our standard myeloid flow antibody panel to identify lung macrophage populations and 

concurrently used specific RNA primer-probes to analyze HB-EGF, positive control β-actin 

(ActB), and negative bacterial control diaminopimelate-B (DapB) mRNA expression on day 21 

post-saline or bleomycin instillation. 



 79 

 
Figure 24: Monocyte-derived alveolar macrophages (moAMs) express HB-EGF. PrimeFlow RNA assays show 

the presence of HB-EGF+ alveolar macrophages (AMs) (CD11c+SiglecFhi), HB-EGF+ moAMs 

(CD11c+CD11b+SiglecFint), and HB-EGF+ interstitial macrophages (IMs) (CD11b+SiglecFlo) in C57Bl/6J mice in 

control animals (A). Oral-pharyngeal administration of bleomycin induces an expansion of HB-EGF+ moAMs and 

interstitial macrophages (IMs) after 21 days (B) compared to mice treated with a saline control (A) in C57Bl/6J 

mice. tSNE data is representative of one experiment with three mice per group. All data representative of 3 

experiments, n= 3. 

 As expected, lungs of both C57Bl/6J saline and bleomycin-treated animals contained 

alveolar macrophages (AMs, CD64+CD11c+SiglecFhi), interstitial macrophages (IMs, 

CD64+CD11b+SiglecFlo), and moAMs (CD64+CD11c+CD11b+SiglecFint) (Figure 24A, 24B). 

The total number of moAMs was much higher in bleomycin-treated mice, as has been 

demonstrated in other studies6,7. Interestingly, all three macrophage populations expressed HB-

EGF at baseline in saline-treated mice, indicating that HB-EGF may be important in macrophage 

homeostasis. HB-EGF is also expressed in AMs, moAMs, and IMs 21 days post-bleomycin 

treatment. Given the vast influx of HB-EGF expressing moAMs to the fibrotic lung, it seems 

plausible that myeloid-derived HB-EGF may help promote lung fibrosis. 
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Hbegff/f;Lyz2Cre mice are protected from bleomycin-induced fibrosis despite similar levels of 

acute lung injury 

As our data have shown that levels of HB-EGF increase in the fibrotic mouse lung 

(Figure 23C, 23D) and that HB-EGF is expressed by lung macrophages including moAMs after 

bleomycin (Figure 24B), we next wanted to look at the role of macrophage-specific HB-EGF in 

the context of fibrosis in Hbegff/f;Lyz2Cre mice222,265. This mouse has HB-EGF genetically 

removed through a Cre-lox system under the Lyz2 promoter and thus HB-EGF should be 

removed from all cells within the myeloid compartment including monocytes, macrophages, 

dendritic cells, and neutrophils. 

 Interestingly, Hbegff/f;Lyz2Cre mice were protected from bleomycin-induced fibrosis 

when compared to Lyz2Cre+ control mice. At day 21 post-treatment, Hbegff/f;Lyz2Cre mice 

showed significantly decreased amounts of hydroxyproline, a surrogate measure for collagen 

(Figure 25A), as well as decreased expression of profibrotic genes collagen 1, collagen 3, and 

fibronectin (Figure 25B). The Hbegff/f;Lyz2Cre mice also showed improved histology with less 

immune cell infiltration, less interstitial thickening, and less collagen deposition compared to 

Lyz2Cre+ control animals (Figure 25C).  
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Figure 25: Hbegff/f;Lyz2Cre mice are protected from bleomycin-induced fibrosis despite similar levels of 

acute lung injury. Hbegff/f;Lyz2Cre mice have lower levels of hydroxyproline (A), decreased (B) expression of 

profibrotic genes (B) Collagen 1, Collagen 3, and Fibronectin, and improved lung histology (C) 21 days post-

bleomycin treatment compared to Lyz2Cre+ control mice. Additionally, levels of total protein and albumin detected 

in the BAL fluid (BALF) is not different between Lyz2Cre+ and Hbegff/f;Lyz2Cre mice (D) three days post-

bleomycin treatment, suggesting initial lung injury between genotypes is the same. n.s.: not significant, *: p<0.05, 

**: p<0.01, ***: p<0.001, ****: p<0.0001. Lines in (C) are 100 µm length. All data representative of 2-4 

experiments, n=4-6. 

 Although the Hbegff/f;Lyz2Cre mice had decreased levels of key fibrosis markers at day 

21, it is possible that these differences result from reduced lung injury rather than ameliorated 

fibrosis development/progression. To assess initial lung injury, we performed bronchoalveolar 

lavage (BAL) on mice at day 3 post-bleomycin and analyzed the BAL fluid (BALF) for total 

protein content. Our data showed that Hbegff/f;Lyz2Cre mice showed no difference in total 

protein (BCA assay) nor in albumin concentration, indicative of vascular leak, compared to 
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Lyz2Cre+ control animals (Figure 25D). Together, these data suggest that the protection from 

development of lung fibrosis in Hbegff/f;Lyz2Cre mice cannot be explained by reduced lung 

injury. 

Hbegff/f;Lyz2Cre mice have decreased macrophage numbers during fibrosis initiation 

To determine the mechanism of protection in the Hbegff/f;Lyz2Cre mice from fibrosis, we 

began by looking at overall levels of inflammation in these mice. As macrophages are 

particularly critical in fibrosis development and the Lyz2Cre promoter targets both monocytes 

and macrophages, we hypothesized that Hbegff/f;Lyz2Cre mice could be protected due to a 

reduction in lung macrophages or reduced inflammation.  

In the bleomycin mouse model, peak inflammation and injury occurs on day 7 after 

bleomycin treatment. While flow analysis of day 7 lung cells showed no difference in total 

number of AMs after bleomycin, both moAMs and IMs had decreased numbers (Figure 26A) 

and decreased relative fold change between saline and bleomycin conditions by genotype (Figure 

27A). As moAMs are thought to promote fibrosis, and infiltrating monocytes differentiate into 

moAMs via an IM-like phenotype, it is likely that a reduction in total numbers of moAMs 

contributes to protection of Hbegff/f;Lyz2Cre mice post-bleomycin. 
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Figure 26: Hbegff/f;Lyz2Cre mice have decreased macrophage numbers during fibrosis initiation. (A) 

Hbegff/f;Lyz2Cre number at day 7 post-bleomycin. (B) Hbegff/f;Lyz2Cre mice also have lower levels of moAMs 21 

days post-bleomycin treatment by total cell number. n.s.: not significant, *: p<0.05, **: p<0.01, ***: p<0.001, ****: 

p<0.0001. All data representative of 3-5 experiments, n=4-6. 

 At day 21, AMs and IMs were not statistically different after bleomycin between 

Hbegff/f;Lyz2Cre mice and Lyz2Cre+ controls, a change from day 7 patterns (Figure 26B, Figure 

27B). MoAMs remained lower in Hbegff/f;Lyz2Cre mice compared to Lyz2Cre+ mice controls at 

days 7 and 21 by total number (Figure 26B) and by relative fold change (Figure 27B). These 

results suggest fewer moAMs are present during peak inflammation (day 7) in Hbegff/f;Lyz2Cre 

mice and that this difference persists during the fibroproliferative stage. 
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Figure 27: Hbegff/f;Lyz2Cre mice also show decreased macrophage numbers during fibrosis initiation by fold 

change. (A) Hbegff/f;Lyz2Cre mice have lower levels of moAMs and IMs 7 days post-bleomycin treatment as 

determined by relative fold change (B) Hbegff/f;Lyz2Cre mice also have lower levels of moAMs 21 days post-

bleomycin treatment by relative fold change. Data in Figure 27A correspond to data in Figure 26A; data in Figure 

27B correspond to data in Figure 26B. t-tests performed comparing treatments within a single genotype. n.s.: not 

significant, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. All data representative of 3-5 experiments, n=4-6. 

Protection in Hbegff/f;Lyz2Cre mice correlates with impaired macrophage migration and 

decreased CCL2 expression 

Next, we wanted to determine why Hbegff/f;Lyz2Cre mice have fewer moAMs at day 7 

during fibrosis development. Decreased numbers of moAMs could be the result of several 

phenomena: decreased moAM proliferation, increased moAM apoptosis, decreased moAM 

migration, or a combination of these. The relative changes in Ki67 staining for AMs, IMs, 

moAMs, or Ly6C+ monocytes at day 7 was similar between Lyz2Cre+ and Hbegff/f;Lyz2Cre 

animals (Figure 28A, 28B), likely ruling out proliferative defects. Similarly, there were no 

statistical differences between Hbegff/f;Lyz2Cre and control mice in total numbers of dead 



 85 

moAMs or moAMs in early or late apoptosis (Figure 28C) ruling out increased apoptosis of 

these cells in Hbegff/f;Lyz2Cre mice. 

 
Figure 28: Protection of Hbegff/f;Lyz2Cre mice from bleomycin-induced fibrosis is not caused by decreased 

proliferation in moAMs (A) or Ly6C+ monocytes (B) or increased moAM apoptosis (C). Data in panels (A-B) 

representative of two experiments (n=3-4) using t-tests to compare treatments within a single genotype, data in panel 

(C) shows a single experiment (n=3-4) using ANOVA comparisons. n.s.: not significant, *: p<0.05, **: p<0.01, ***: 

p<0.001, ****: p<0.0001. 

As moAMs arise from inflammatory (Ly6C+) monocytes, we tested our migration 

hypothesis by measuring the total number of monocytes in the lung of wild type and 

Hbegff/f;Lyz2Cre mice. We found that Hbegff/f;Lyz2Cre mice have fewer Ly6C+ monocytes at 

day 7 compared to controls (p=0.054; Figure 29A), but that there are no differences in Ly6C+ 

monocytes in blood (Figure 29B). These data indicate that there are no differences in 

hematopoietic cell production or in ability to differentiate into monocytes at baseline in the 

Hbegff/f;Lyz2Cre mice. Additionally, the data imply that monocytes in Hbegff/f;Lyz2Cre mice 
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can circulate in the blood with the same efficiency as they do in wild type animals and thus, that 

the difference between total Ly6C+ monocyte numbers seen in Figure 29A is based on 

recruitment to the lung. 

 

Figure 29: Protection in Hbegff/f;Lyz2Cre mice correlates with impaired macrophage migration and 

decreased CCL2 expression. Hbegff/f;Lyz2Cre mice have decreased numbers of Ly6C+ monocytes in the lungs 

compared to wild type mice 7 days post-bleomycin treatment (A), but no difference in total Ly6C+ monocytes in the 

blood at the same time point (B). Hbegff/f;Lyz2Cre mice have lower levels of CCL2 in their BALF (C), in BAL cells 

(D), in AECs (E), and in BMDMs (F) 3 days post-bleomycin compared to Lyz2Cre+ controls. n.s.: not significant, *: 

p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. Data in (A), (C), (D), and (E) are representative data from 2-3 

experiments with n=2-5, and data in (B) and (F) are representative of 1 experiment, n=2-3. 

 To determine which chemokine(s) could be responsible for decreased monocyte 

recruitment, we performed a multi-gene qPCR array and re-examined hits with a fold change 

greater than 2 (data not shown). A top hit was CCL2 (C-C Motif Chemokine Ligand 2), also 

known as MCP-1 or JE in the mouse. A potent chemokine known for its ability to chemoattract 

monocytes as well as a variety of other immune cells, elevated levels of CCL2 have also been 

linked to ARDS, COPD, and animal models of fibrosis and human IPF4,269–271.  
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 To investigate the role of CCL2, we took BAL fluid from Lyz2Cre+ control and 

Hbegff/f;Lyz2Cre mice 3 days after bleomycin treatment. ELISA data showed that while CCL2 is 

greatly increased after bleomycin in control mice, levels of CCL2 are greatly diminished in 

Hbegff/f;Lyz2Cre mice (Figure 29C). Additionally, CCL2 mRNA expression is dramatically 

decreased in the BAL cells (Figure 29D), in AECs (Figure 29E), and in BMDMs (Figure 29F) of 

Hbegff/f;Lyz2Cre mice 3 days post-bleomycin treatment. Given the differences in CCL2 

production between genotypes, we wanted to see if the addition of recombinant mouse (r)HB-

EGF could stimulate lung cells to produce CCL2 directly. We did not see any induction of CCL2 

mRNA expression in AECs, BMDMs, or fibroblasts treated with rHB-EGF over a 24-hour 

period (Figure 30), nor an increase in CCL2 mRNA expression in AECs treated with rHB-EGF 

after removal from a day 3 bleomycin-treated mouse (Figure 30). Together, these data suggest 

that HB-EGF alone cannot prime CCL2 expression in these cell types and that bleomycin injury 

may not be enough to prime CCL2 expression even with HB-EGF addition. 

 

Figure 30: rHB-EGF (50ng/ml) treatment for 24hrs on AECs (A), BMDMs (B), or primary lung fibroblasts 

(C) does not cause an increase in CCL2 expression as measured by qPCR. Additionally, the combination of 

bleomycin (day 3) treatment followed by rHB-EGF (50ng/ml) administration (24hr) does not increase CCL2 

expression (D). n.s.: not significant, *: p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. 

Lyz2Cre deletes HB-EGF in AECs which may also contribute to protection from fibrosis 
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While the Lyz2Cre mouse was originally designed to target macrophages and 

granulocytes272, multiple studies have confirmed that Lyz2Cre+ removes floxed genes from both 

the myeloid lineage as well as from AECs273–276. Work by Desai et al. and by McCubbrey et al. 

provide strong evidence that Lyz2Cre hits mature AT2s, accounting for approximately 25% of 

all AECs in the lung274,275. We sought to verify these findings in our own mice by isolating AECs 

from Lyz2Cre+ and Hbegff/f;Lyz2Cre mice 21 days after bleomycin treatment. Although 

bleomycin decreases HB-EGF expression in AECs from control mice, levels of HB-EGF in 

Hbegff/f;Lyz2Cre AECs are similarly low in both saline and bleomycin-treated animals, 

indicating removal of HB-EGF from this cell compartment (Figure 31A). Interestingly, it appears 

that removal of HB-EGF from AECs in Hbegff/f;Lyz2Cre mice did not promote compensation in 

any other ligands of the ErbB pathway, as there are no striking differences in EGFR ligand 

expression after bleomycin between the genotypes at peak fibrosis 21 days post-bleomycin 

(Figure 32).  

 
Figure 31: Lyz2Cre deletes HB-EGF in AECs which may also contribute to protection from fibrosis. (A) 

AECs from Hbegff/f;Lyz2Cre mice have highly decreased levels of HB-EGF at baseline (saline treatment) as well as 

21 days post-bleomycin treatment. Representative data of two experiments, n=6. (B) Lethally-irradiated C57Bl/6J 

mice reconstituted with Hbegff/f;Lyz2Cre bone marrow showed no difference in overall hydroxyproline content 

compared to lethally-irradiated C57Bl/6J mice reconstituted with C57Bl/6J bone marrow. Representative of three 

experiments, n=3-7. (C) Lethally-irradiated Hbegff/f;Lyz2Cre mice reconstituted with C57Bl/6J bone marrow 

showed no difference in overall hydroxyproline compared to Hbegff/f;Lyz2Cre mice reconstituted with 

Hbegff/f;Lyz2Cre bone marrow, implying HB-EGF derived from the epithelium is more important in fibrosis 
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protection than immune cell-derived HB-EGF. Representative of one experiment, n=3-7. n.s.: not significant, *: 

p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. 

 Since HB-EGF is removed in both myeloid cells and in AECs in our Hbegff/f;Lyz2Cre 

mouse, we were interested to determine which cellular compartment was primarily responsible 

for protection against bleomycin-induced fibrosis. To test, we designed a bone marrow transplant 

experiment where C57Bl/6J mice were lethally irradiated using 137Cesium irradiator (13 Gy, split 

dose) and given bone marrow from either C57Bl/6J mice or Hbegff/f;Lyz2Cre donor mice via tail 

vein injection. After allowing enough time for full immune system reconstitution (5 weeks), we 

then challenged these mice to a standard dose of bleomycin for 21 days. At day 21, 

hydroxyproline assay demonstrated that bleomycin-treated C57Bl/6J mice receiving C57Bl/6J 

bone marrow (“WT-WT bleo”) have significantly increased levels of hydroxyproline compared 

to WT-WT saline mice (Figure 31B). However, C57Bl/6J mice that received Hbegff/f;Lyz2Cre 

bone marrow (“KO-WT”) also had high levels of hydroxyproline 21 days after bleomycin and 

these levels were not different from those in the WT-WT bleo mice (Figure 31B). Since the KO-

WT mice were not protected from fibrosis, and these mice have WT AECs but a 

Hbegff/f;Lyz2Cre immune system, it implies that the protection that we noted in Figure 25 in the 

Hbegff/f;Lyz2Cre mice is likely provided at least in part by HB-EGF removal from AECs. To 

confirm this updated hypothesis, we again used a bone marrow transplant experiment, this time 

lethally irradiating Hbegff/f;Lyz2Cre recipient mice and giving bone marrow from either 

C57Bl/6J donor mice (“WT-KO”) or Hbegff/f;Lyz2Cre donor mice (“KO-KO”). We also 

repeated our WT-WT bone marrow transplant alongside these treatment groups as a control.  

At day 21 post-bleomycin, hydroxyproline levels of KO-KO bleo mice were significantly 

decreased compared to WT-WT bleo mice (Figure 31C). This is expected, as the KO-KO bleo 

mice are essentially Hbegff/f;Lyz2Cre mice since HB-EGF is removed from both the immune cell 
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and AEC compartments. Although differences in day 21 hydroxyproline between WT-WT bleo 

and WT-KO bleo were close, but did not reach statistical significance (p=0.1190), intriguingly 

there was no difference in hydroxyproline levels between KO-KO bleo and WT-KO bleo mice 

(Figure 31C). Together, these data suggest that the removal of HB-EGF from AECs in 

Hbegff/f;Lyz2Cre mice is almost certainly the more important source of HB-EGF and the likely 

more prominent cause of protection in Hbegff/f;Lyz2Cre mice from bleomycin-induced fibrosis.  

 
Figure 32: Removal of HB-EGF from AECs does not alter expression of other EGFR ligands 21 days post-

bleomycin (EGF: epidermal growth factor, TGFa: transforming growth factor-alpha, AREG: amphiregulin, EREG: 

epiregulin, EPGN: epigen, BTC: betacellulin). n.s.: not significant, *: p<0.05, **: p<0.01, ***: p<0.001, ****: 

p<0.0001. 

rHB-EGF does not induce a profibrotic response in AECs 

As the data show that HB-EGF is removed from both myeloid cells and AECs in the 

Hbegff/f;Lyz2Cre mice and that AEC-derived HB-EGF may be particularly potent in affecting 

nearby structural cells like AECs and fibroblasts, we next wanted to know if rHB-EGF is 

sufficient to induce profibrotic changes in AECs. Interestingly, rHB-EGF does not promote 



 91 

increased expression of key profibrotic genes as periostin, PDGFa, and VEGF all had decreased 

expression with HB-EGF treatment compared to SFM alone and CTGF had no change in 

expression (Figure 33A).  

 A key characteristic of pulmonary fibrosis is increased AEC apoptosis. If a reagent does 

not promote profibrotic changes in gene expression in AECs, it could still act in a profibrotic 

manner by inducing heightened AEC apoptosis. Surprisingly, the addition of rHB-EGF to AECs 

did not cause a change in anti-apoptotic genes BCL2, XIAP, or survivin (Figure 33B), nor did it 

increase caspase 3/7 activation like positive control TGF- (4ng/ml) in an apoptosis assay 

(Figure 33C). Our data show that rHB-EGF does not directly induce these profibrotic effects in 

AECs. 
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Figure 33: rHB-EGF does not induce a profibrotic response in AECs. (A) Primary lung fibroblasts treated with 

rHB-EGF (50ng/ml) do not show increases in expression of profibrotic genes periostin, PDGFa, CTGF, or VEGF or 

alterations in anti-apoptotic gene expression (B) BCL2, XIAP, or survivin. (C) rHB-EGF (50ng/ml) does not induce 

AEC apoptosis compared to positive control TGFb (4n/gml) as measured via caspase-glo 3/7 assay. Representative 

data shown of experiments repeated at least three times, n=3-5. *: p<0.05, **: p<0.01. Data in (C) are representative 

of at least three experiments, n=5 per group. 

rHB-EGF induces fibroblast migration with little impact on proliferation or matrix gene 

expression 

Fibroblasts are structural cells in the lung that exist near AECs and macrophages. Located 

adjacent to the basement membrane in the lung interstitium, fibroblasts produce extracellular 

matrix (ECM) proteins that help maintain lung architecture during homeostasis. In IPF, repeated 

injuries to the epithelium often leads to AEC death. To help seal the wound caused by dying 
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AECs and to reestablish barrier function, nearby fibroblasts become activated and subsequently 

proliferate and migrate to fill the wound site. These cells will also produce ECM proteins, 

including collagen 1, collagen 3, and fibronectin5,85. While in normal wound healing these 

processes resolve over time, in IPF, fibroblast migration and ECM production occurs to an 

excessive degree. 

Although fibroblasts do not express Lyz2 and thus HB-EGF is not removed from these 

cells in the Hbegff/f;Lyz2Cre mice, fibroblasts do express EGFR and can respond to HB-EGF 

secreted by other cell types. Additionally, the location of fibroblasts and their ability to become 

activated into a profibrotic state made them be of interest to us. To determine if rHB-EGF 

prompts a profibrotic response in fibroblasts in vitro, we measured fibroblast proliferation, ECM 

production, and migration in Lyz2Cre+ fibroblasts. rHB-EGF did not induce fibroblast 

proliferation as measured by MTT assay (Figure 34A) or flow cytometry (data not shown). 

Similarly, addition of rHB-EGF did not cause an increase in expression of profibrotic genes 

collagen 1, collagen 3, or fibronectin compared to SFM controls after 24 hours (Figure 34B).  

To measure fibroblast migration, we performed a scratch assay where primary lung 

fibroblasts were grown to confluence, evenly scratched with a WoundMaker device, then treated 

with concentrations of rHB-EGF (3.125ng/ml-100ng/ml) and ability of the fibroblasts to migrate 

and close the wound were measured over time. As fibroblasts showed no increased proliferation 

in response to rHB-EGF (Figure 34A) and all cells were treated with rHB-EGF in SFM, we 

consider the scratch wound assay to be an accurate measure of migration. Intriguingly, rHB-EGF 

induced a dramatic wound closure migration response where migration is increased in a dose-

dependent fashion (Figures 34C, 34D). Beginning at just 12 hours post-scratch, all fibroblasts 

treated with at least 6.25ng/ml of rHB-EGF had closed the wound significantly more than SFM-
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treated fibroblasts, and this difference persisted throughout the 68-hour experiment when 

fibroblasts treated with 100ng/ml of rHB-EGF had fully closed the scratch wound. 

 
Figure 34: rHB-EGF induces fibroblast migration with little impact on proliferation or matrix gene 

expression. (A) Fibroblasts treated with rHB-EGF (25ng/ml, 50ng/ml) do not have increased proliferation as 

measured by MTT. (B) qPCR fold change of key profibrotic genes collagen1, collagen3, and fibronectin is not 

induced in fibroblasts after rHB-EGF (50ng/ml) administration. (C, D) rHB-EGF promotes fibroblast migration. 

Representative data shown of at least three experiments, n=3-6. In (C), all doses of HB-EGF from 6.25ng/ml-

100ng/ml are significantly different from SFM control starting at 12 hours. p-values are given for HB-EGF 
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(25ng/ml), HB-EGF (50ng/ml), and HB-EGF (100ng/ml) and represent differences between treatment group and 

SFM at final timepoint (68hr). n.s.: not significant, ***: p<0.001, ****: p<0.0001.  

Discussion 

Although the role of HB-EGF has been previously described in other fibrosis 

models151,208,262, there is no work to date directly examining its role in IPF or in a murine model 

of bleomycin-induced fibrosis. EGFR and EGFR signaling may be important in IPF progression, 

as patients with increased risk of an IPF disease-promoting event had higher levels of both 

EGFR and HB-EGF via subgroup analysis (Figure 23). These data align with previous work in 

the field showing that lung fibrosis patients have heightened expression of EGFR102 and that 

overexpression of TGFα (a different EGFR ligand) can promote pulmonary fibrosis in murine 

models161. Our data showing HB-EGF expression in myeloid and epithelial cells in fibrosis are 

also supported in the single cell RNAseq data made publicly available through the IPF Cell 

Atlas104,277–281 (http://www.ipfcellatlas.com/) and UCSC Cell Browser – NU Pulmonary7,104,282 

(https://www.nupulmonary.org/resources/) websites. These resources allow for gene expression 

comparison between IPF vs. donor patients and saline vs. bleomycin-treated mice. 

 HB-EGF expression was robustly increased in our bleomycin-treated mice (Figure 23). 

Interestingly, both lung homogenate and BAL cells showed this HB-EGF increase at days 14 and 

21 post-bleomycin, but neither population had increased HB-EGF expression at days 3 or 7 (data 

not shown). There are two possibilities for this. First, this could imply that while HB-EGF is 

expressed at homeostasis in macrophages and in the lung, differences in HB-EGF expression 

may not arise until fibrosis development (days 10-21) rather than during initial injury (days 0-3). 

Alternatively, increased HB-EGF expression in the lung homogenate at day 21 could be caused 

by an influx of HB-EGF-producing cells to the lung after lung injury and during the 

inflammatory stage (days 3-7). Previous studies report that Ly6C+ monocytes migrate to sites of 

http://www.ipfcellatlas.com/
https://www.nupulmonary.org/resources/


 96 

tissue injury and differentiate into macrophages upon arrival256,257, and in the lungs, monocytes 

transit through an IM phenotypic stage during their transition to moAMs6,7. While all 

macrophage subtypes express HB-EGF at baseline (Figure 24), there are twice as many HB-

EGF-expressing IMs and 47-times as many HB-EGF-expressing moAMs in the lung at day 21 

post-bleomycin treatment compared to saline lungs (Figure 24). Together, these data suggest that 

overall levels of HB-EGF in the fibrotic mouse lung are higher due to increased number of HB-

EGF+ moAMs and HB-EGF+ IMs.  

 We further probed the role of HB-EGF+ macrophages using Hbegff/f;Lyz2Cre mice in 

bleomycin-based fibrosis studies. Hbegff/f;Lyz2Cre mice were protected from fibrosis as 

measured by decreased hydroxyproline content, decreased profibrotic gene expression, and 

improved histology compared to Lyz2Cre+ animals (Figure 25). While our dose of bleomycin 

(1U/kg) causes < 25% mortality in wild type mice, Hbegff/f;Lyz2Cre mice had decreased 

mortality and higher body weight at 21 days compared to wild type mice (data not shown), 

further supporting the protection phenotype. Interestingly, total levels of hydroxyproline and 

profibrotic gene expression in bleomycin-treated Hbegff/f;Lyz2Cre mice was always higher than 

levels in saline-treated Hbegff/f;Lyz2Cre mice, indicating some degree of fibroproliferation even 

in the presence of reduced HB-EGF expression.  

Given the importance of moAMs in fibrosis development and the protection phenotype of 

the Hbegff/f;Lyz2Cre mice, it is unsurprising that Hbegff/f;Lyz2Cre mice have fewer moAMs 

present during the inflammatory stage of fibrosis development (Figure 26, Figure 27). 

Hbegff/f;Lyz2Cre mice routinely had lower numbers of moAMs at both day 7 and day 21 

compared to Lyz2Cre+ mice. Considering these moAM differences at day 21, however, it is 

interesting that total numbers of IMs are the not different between genotypes at the same time 



 97 

point. This could be caused by impaired IM-moAM differentiation in Hbegff/f;Lyz2Cre mice, but 

if true, one might have predicted increased IM populations accumulating in the Hbegff/f;Lyz2Cre 

mice which we do not see. It could also relate to the difficulty of accurately identifying the 

heterogenous populations of recruited and inflammatory cells with dynamic changes in cell 

surface marker expression13,14,110. It is also interesting to note that total numbers of neutrophils 

are decreased at day 7 post-bleomycin in Hbegff/f;Lyz2Cre mice (Figure 35). Neutrophils 

produce neutrophil elastase (NE), which promotes fibroblast migration and myofibroblast 

differentiation in vitro283. A lack of neutrophils in these mice during peak inflammation is 

consistent with a decreased fibrosis phenotype and it is possible that decreases in moAMs and 

neutrophils together contribute to protection of Hbegff/f;Lyz2Cre mice.  

 
Figure 35: Hbegff/f;Lyz2Cre mice also show decreased neutrophil (PMN) numbers during fibrosis initiation. 

Hbegff/f;Lyz2Cre mice have lower levels of PMNs 7 days post-bleomycin treatment as determined by total number 

(A) and relative fold change (B). Data in Figure 35A/B correspond to data in Figure 26A and Figure 27A. ANOVA 

statistics in (A), in (B) t-tests performed comparing treatments within a single genotype. n.s.: not significant, *: 

p<0.05, **: p<0.01, ***: p<0.001, ****: p<0.0001. All data representative of 2-5 experiments, n=4-6. 

 Our data show that the decreased numbers of moAMs in Hbegff/f;Lyz2Cre mice at day 7 

are the result of decreased monocyte migration (Figure 29, Figure 28). As such, we add further 

evidence to the current theory that depleting monocytes reduces fibrosis severity4,83,110. In 

addition, our evidence suggests lower levels of monocyte migration to the lung is caused by 
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decreased amounts of CCL2 in the BALF, BAL cells, and AECs of Hbegff/f;Lyz2Cre mice 

during initial lung injury (Figure 29). BMDMs of mice also have decreased levels of CCL2, 

suggesting that bleomycin induces a systemic effect that is likely regulated by a soluble factor 

(Figure 29). CCL2 binds its receptor, CCR2, found predominantly on monocytes4. CCL2 is 

present in increased levels in IPF patients and is associated with increased lung injury scores in 

patients with acute respiratory distress syndrome (ARDS)284,285. While rHB-EGF alone does not 

induce CCL2 expression in macrophages, fibroblasts, or AECs (Figure 30), it is possible that 

rHB-EGF requires a second stimulus such as LPS, cytokines (IL4, IL13), or bleomycin injury, 

although preliminary experiments with such secondary signals have not been supportive (Figure 

30D, data not shown) suggesting that the full induction of CCL2 may be regulated by the 

complex injured lung milieu. HB-EGF is biologically active in both a soluble (sHB-EGF) and 

membrane-bound (pro-HB-EGF) form. It is also possible that CCL2 induction requires pro-HB-

EGF for juxtacrine signaling, rather than paracrine or autocrine signaling alone. More likely, 

however, is that since monocytes and macrophages can recruit themselves to sites of injury, 

reduced numbers of both cell types could relate to the presence of fewer moAMs in the lung that 

produce CCL2. 

 While our evidence that Hbegff/f;Lyz2Cre mice are protected is robust (Figure 25), it is 

equally apparent that the protection is not an exclusively macrophage or immune cell phenotype. 

While our first bone marrow transplant (BMT) results show that wild type mice who received 

Hbegff/f;Lyz2Cre bone marrow had indistinguishable levels of fibrosis compared to wild type 

mice who received wild type bone marrow (Figure 31), supporting the conclusion that Lyz2Cre 

effectively removes HB-EGF from AT2s and that the epithelium plays a contributing role in 

fibrosis protection in Hbegff/f;Lyz2Cre mice, the results of our second BMT more conclusively 
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point to AEC-derived HB-EGF as a prominent reason for protection in Hbegff/f;Lyz2Cre 

animals. Another possibility is that the threshold level of HB-EGF in the lung is more critical 

than the cellular source. Future experiments will be needed to address this more fully. Although 

various sources provide evidence that Lyz2Cre targets the alveolar epithelium, the consensus is 

that the target gene is only removed in 25% of AECs and that this specifically corresponds with 

AT2s275,286. AT2s are the surfactant-producing stem cell of the epithelium that differentiate into 

AT1s to fill in gaps after injury12,15,21, and as such, Lyz2Cre-based removal of HB-EGF from 

AT2s should persist in daughter AT1 cells. As single-cell RNA sequencing data from Riemondy 

et al. has shown that HB-EGF is expressed in AT1s287, it is likely that HB-EGF is removed from 

both AT1s and AT2s in Hbegff/f;Lyz2Cre mice though this cannot be quantified due to a lack of 

anti-mouse HB-EGF antibody.  

Regardless of the cell source, our results indicate that there should be lower thresholds of 

HB-EGF present in the lung of Hbegff/f;Lyz2Cre mice. We chose to look next at soluble HB-

EGF to see if its increased presence would induce profibrotic changes on AECs and fibroblasts. 

Interestingly, rHB-EGF addition to AECs did not increase levels of profibrotic gene expression, 

decrease levels of anti-apoptotic gene expression, or increase apoptosis (Figure 33), all expected 

hallmarks of a profibrotic gene response. In addition, previous work suggested that HB-EGF 

regulates AT2 proliferation in vivo and thus it could be expected that HB-EGF would promote 

epithelial repair and improve fibrotic outcome275. However, Hbegff/f;Lyz2Cre mice are protected; 

thus, it does not appear that loss of HB-EGF in the Lyz2Cre+ AECs limited lung repair. Although 

rHB-EGF does not induce profibrotic changes in AECs, it is possible HB-EGF acts differently 

on fibroblasts. While rHB-EGF did not increase proliferation or expression of profibrotic genes 

in fibroblasts, rHB-EGF did dramatically increase migration in a scratch wound assay (Figure 
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34). HB-EGF is also known to increase keratinocyte migration rather than proliferation150. Taken 

together, the role of HB-EGF is multidimensional.  

This study has several caveats. First, this study was conducted in a murine model of 

fibrosis. Although the bleomycin model is the best characterized and most widely used animal 

model of pulmonary fibrosis, it does not fully recapitulate all of the phenotypes seen in IPF 

patients48,71.  

A second caveat is the technical limitations of the Lyz2Cre system and the lack of an 

appropriate inducible system. The conditional Lyz2Cre Cre-loxP system was chosen for this 

study because of its ability to remove HB-EGF from all macrophage populations (AMs, IMs, 

moAMs) with nearly 100% efficiency286. We chose Lyz2Cre over other Cre-loxP systems we 

deemed less appropriate: Csf1r-Cre targets all leukocytes in addition to macrophages and 

inducible Cre-loxP systems CX3CR1-ERCre and CD78-rtTA do not target every lung 

macrophage population (no resident AMs)286. Like most Cre systems, however, Lyz2Cre also 

depletes off-target cell types. Previous work by McCubbrey et al. and Desai et al. have shown 

that Lyz2Cre targets 25% of alveolar epithelial cells, specifically the AT2 subtype273,275,276,286. 

Our data confirm this finding (Figure 31). As such, we are unable to fully rectify the role that 

AEC-specific HB-EGF has in this mouse model, although the data from our bone marrow 

transplant experiment demonstrate that HB-EGF-derived from AECs is critical to the protection 

of the Hbegff/f;Lyz2Cre animals from bleomycin-induced fibrosis (Figure 31). 

In addition to AT2s, Lyz2Cre targets other innate immune cells including neutrophils 

(100%), Ly6C+ monocytes (68%), dendritic cells (DCs) (50%), and eosinophils (< 20%)286. 

Although recent work has shown that all subtypes of peripheral blood dendritic cells are severely 

depleted in IPF patients, the role of DCs in fibrosis is not fully understood288. Neutrophils, by 
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contrast, may have an important role in fibrosis. Use of the NE-specific inhibitor, Sivelestat, has 

been shown to be protective in a bleomycin mouse model289,290. Studies have also shown that IPF 

patients with neutrophilia experience reduced survival291. However, the limited number of 

neutrophils present in lung tissue of IPF patients make it challenging to confidently assign them 

a precise function in IPF291. It is possible that there may be a role for neutrophil-derived HB-

EGF, either in function or in total quantity, that we are unable to address in this study. 

Additionally, we were unable to determine if the protection in the Hbegff/f;Lyz2Cre mice is 

simply a threshold effect. Finally, HB-EGF likely acts in profibrotic ways on certain cell types 

(e.g., fibroblasts) but in an antifibrotic manner for others (e.g., AECs). Ideally, the eventual 

availability of validated murine HB-EGF antibodies (e.g., ELISA kits) and murine HB-EGF 

inhibitors will allow this to be a more feasible future research direction.  

Overall, we demonstrated that HB-EGF is expressed in IPF patients as well as in all 

populations of lung macrophages (AMs, IMs, moAMs) in fibrotic mice. We also showed that 

Hbegff/f;Lyz2Cre mice are protected from bleomycin-induced fibrosis and that this protection is 

multifactorial, caused by genotypic differences in CCL2-dependent monocyte migration, 

decreased fibroblast migration, and decreased contribution of HB-EGF from AEC sources when 

HB-EGF is removed under the Lyz2Cre promoter. Together, the data from this study provide 

evidence that HB-EGF is heavily involved in the development of pulmonary fibrosis and 

highlights the need to continue study of the intersection between macrophage dynamics, cellular 

crosstalk, and specific growth factors in homeostatic and fibrotic disease states. 
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Chapter 4: Discussion  

Bringing It All Together 

Although IPF was formerly thought to be an exclusively epithelial-mesenchymal cell 

disease, work over the last two decades have once again shown that innate immune cells also 

have a central role in IPF development and progression. The recent impetus to study immune 

cells in IPF was most noticeably prompted by the results of the 2012 PANTHER clinical trials, 

in which IPF patients given a combination of immunosuppressants had worse clinical outcomes 

than the placebo group, implying a distinct role for immune cells3,292. Since then, research has 

shown that macrophages are involved at all stages of the wound repair response293 and that the 

severity of IPF disease progression can be linked to increases in monocyte and macrophage 

numbers4,8,255,294,14,83,102,103,106,107,110,116.  

Interestingly, the removal of macrophages at different time points can have helpful or 

harmful effects in fibrosis development and progression. On one hand, studies have shown that 

depleting macrophages early after injury greatly dampens the inflammatory response and leads to 

less fibrotic injury4,83,255,295. Conversely, macrophage removal can also promote worsened 

fibrosis, as macrophage depletion can result in decreased wound debridement and less efficient 

tissue repair and regeneration296. Since macrophages can promote either a profibrotic or an 

antifibrotic environment, it follows that in addition to variations in timing, the key to one path 

over the other is caused by crucial differences in (a) the presence of certain soluble mediators 

and/or (b) in macrophage-structural cell crosstalk and resulting downstream signaling. 
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Significance of Chapter 2 

 While both M1-like and M2-like macrophages are known to be present in the bleomycin 

mouse lung at different times during fibrosis development, M2-like macrophages have long been 

associated with a profibrotic phenotype82,138,297–299. The scar formation characteristic of 

pulmonary fibrosis has been shown to be directly linked to the appearance of M2-like 

macrophages8 and macrophages in IPF patients also show increased expression for M2 markers 

like CD206103. Depletion of M2-like macrophages has been associated with a reduced fibrotic 

phenotype in mouse models14, and pirfenidone, one of 2 FDA-approved drugs for IPF, exerts 

anti-fibrotic property in part by suppressing TGF-β expression associated with M2 polarization1. 

 One reason that M2 macrophages are problematic in fibrosis is their secretion of soluble 

profibrotic factors. Macrophages are an important source of chemokines, matrix 

metalloproteinases, and other inflammatory mediators that drive the initial cell response 

following injury83,300. Macrophage production of soluble factors promotes the recruitment of 

fibroblasts, differentiation into myofibroblasts, and increases fibroblast contractility and ECM 

production301. Macrophages also crosstalk with the epithelium and regulate components of AEC 

activation302. M2 macrophages in particular have been described to secrete key profibrotic 

proteins. For example, M2 macrophages produce CCL18, which is elevated in the BAL and AMs 

of ILD patients and is known to drive collagen production from human fibroblasts139,303. 

Increased levels of CCL18 also correlate with increased fibrosis severity in IPF139. Additionally, 

M2 macrophages produce TGF-β1, which stimulates collagen production in myofibroblasts and 

enhances expression of tissue inhibitors of metalloproteinases (TIMPs) that block degradation of 

ECM proteins122.  
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 Given the importance of M2 macrophages in fibrosis and the widespread use of the 

M1/M2 dichotomy in vitro, we sought to characterize the transcriptomes of BMDM-derived M1 

and M2 macrophages to better understand their overall function as mediators of fibrosis. We 

discovered that M1-like and M2-like BMDMs have different gene expression profiles based on 

RNAseq analyses. Most notably, gene clusters with highest enrichment scores in M1s were 

related to inflammation, while clusters with highest enrichment scores in M2s were related to 

cell processing. Interestingly, M2-like BMDMs have a higher number of genes encoding for 

secreted proteins, indicative of the importance of M2-derived soluble mediators may play in 

fibrosis development and progression.  

 While M2 supernatant increased fibroblast migration, proliferation, and profibrotic gene 

expression compared to fibroblasts treated with M1 supernatant, all these effects could be 

attributed to the lingering presence of IL-4 and IL-13, which was required to polarize the 

BMDMs to an M2 phenotype. This same phenomenon was noted in the increased expression of 

profibrotic genes in AECs, as statistical differences between AECs given M2 supernatant and 

those given IL-4+IL-13 controls were indistinguishable. In our study, we saw initial evidence 

that M2 supernatant could induce AEC apoptosis separate from an IL-4+IL-13 effect. However, 

further experimentation showed that this result was actually a false positive, caused by the 

presence of an aspartic acid protease that functioned as a caspase-3/7 “lookalike” and cleaved 

our luminescent substrate indicative of an apoptosis readout. While additional analysis of the M2 

transcriptome showed an increased number of genes with molecular functions related to protease 

binding, collagen binding, integrin binding, and growth factor/growth factor receptor binding 

compared to the M1 transcriptome, further study will need to be done to verify these findings in 
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the secretome, quantify their presence in macrophage supernatant, and translate these findings to 

an in vivo model. 

 

Significance of Chapter 3 

 In addition to the presence of macrophage-derived soluble mediators that can prompt a 

fibrosis response, alterations in macrophage-structural cell crosstalk and the resulting changes to 

downstream signaling in multiple cell types can also promote a fibrotic phenotype. The 

importance of crosstalk between macrophages and structural cells of the lung has become more 

well-studied, especially as scientists have learned that communication signals extend in both 

directions. For example, research has shown that injured lung epithelial cells produce and secrete 

many cytokines. Some of these promote recruitment of fibrocytes and inflammatory cells to the 

lung to help with the injury response304,305, while others including TGF-β, PDGF, CTGF, and 

EGF promote migration, proliferation, and activation of nearby fibroblasts85. Macrophages, in 

turn, are known to be involved in AEC activation3 and the expansion of neighboring 

parenchymal and stromal cells in areas of injury83. Recent work has also shown that 

macrophages have fibroblast-stimulating properties, so much so that circulating monocytes in 

IPF patients appear pre-programmed for this prior to entering the lung306.  

Evidence in the literature also shows that aberrant signaling in key cell maintenance 

pathways can lead to fibrosis. EGFR is a receptor tyrosine kinase with key downstream effector 

pathways that regulate a wide variety of cellular functions, including MEK/ERK, PI3K/AKT, 

STAT, and mTOR141–144. EGFR signaling is particularly important in the lung, as proper EGFR 

signaling is critical for controlled cell turnover and tissue repair, mucus production, and alveolar 

homeostasis141,176. EGFR mutations are present in a large percentage of lung cancer patients and 
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thus a significant amount of research has been done trying to develop effective anti-EGFR 

therapeutics176.  

In addition to cancer, EGFR dysfunction is highly associated with lung fibrosis and 

hypersecretory diseases like COPD, asthma, and cystic fibrosis202–204. Although heightened 

expression of EGFR in lung fibrosis patients is well established205, published work describing the 

effects of EGFR antagonism is contradictory. For example, murine studies have shown that 

EGFR ligand overexpression can promote pulmonary fibrosis161, but EGFR antagonism using the 

EGFR-TKI gefitinib has been shown both to worsen and to protect against pulmonary fibrosis in 

other animal work197,210. These discrepancies are likely the consequence of differential cell-

specific effects of ligands or of receptor actions or the timing of their administration.  

HB-EGF is one of four high-affinity ligands for EGFR and is highly expressed in M2 

macrophages149,259. As HB-EGF has a known role in the wound healing response but conflicting 

functions in mouse models of interstitial lung disease, we chose to further investigate the role of 

HB-EGF in pulmonary fibrosis. In our work, we first validated the importance of HB-EGF in 

IPF patients by measuring levels of HB-EGF and EGFR in IPF patient plasma using SOMAmer 

technology. We demonstrated that faster-progressing IPF patients had both higher levels of 

EGFR (Logrank test, p=0.02; RMST, p=0.03) and of HB-EGF (Logrank test, p=0.02; RMST, 

p=0.02). Additionally, we confirmed that mRNA levels of HB-EGF are increased in the lungs of 

bleomycin-treated mice: HB-EGF expression was higher both in lung homogenates and in BAL 

cells in fibrotic mice compared to saline control mice.  

As HB-EGF was increased in moAMs of fibrotic lungs, we acquired a mouse model that 

had HB-EGF removed from the myeloid compartment (Hbegff/f;Lyz2Cre mice). Interestingly, 

Hbegff/f;Lyz2Cre mice are protected from bleomycin-induced fibrosis as evidenced by lower 
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levels of hydroxyproline, profibrotic gene expression, and improved histology. Hbegff/f;Lyz2Cre 

mice also show no difference in initial lung injury compared to wild type controls, indicating that 

protection from the development of lung fibrosis in Hbegff/f;Lyz2Cre mice cannot be explained 

by reduced lung injury. 

Further investigation of these Hbegff/f;Lyz2Cre mice yielded interesting results. 

Hbegff/f;Lyz2Cre mice have lower total numbers of moAMs at day 7 and day 21 post-bleomycin 

compared to control animals, indicating a likely mechanism of protection. This difference in cell 

number is likely attributed to genotypic differences in CCL2-dependent monocyte migration. 

Importantly, bone marrow transplant studies showed that having an Hbegff/f;Lyz2Cre immune 

system was not sufficient to confer protection from fibrosis, but the removal of HB-EGF from an 

AEC source prevents an overall increase in hydroxyproline typical to levels seen in WT mice. As 

such, we conclude that the protection seen in Hbegff/f;Lyz2Cre mice is likely multifactorial, 

caused by genotypic differences in CCL2-dependent monocyte migration, decreased fibroblast 

migration, and decreased contribution of HB-EGF from AEC sources when HB-EGF is removed 

under the Lyz2Cre promoter. 

 

Study Caveats 

A primary caveat of this body of work is the use of a mouse model to study pulmonary 

fibrosis rather than samples derived from IPF patients. Although patient samples would be the 

most relevant option, acquiring these samples on a routine basis is challenging. Furthermore, 

acquiring samples of only fibrotic patients would restrict our research to questions investigating 

fibrosis progression, not fibrosis development. Many animal models of pulmonary fibrosis exist, 

each with their own benefits and drawbacks307. Bleomycin is the most widely used murine model 



 108 

of fibrotic lung disease and is the gold standard for testing anti-fibrotic therapies in mice, 

primarily because of the large body of research that has been conducted in this mouse model48,71. 

We chose to use bleomycin for our animal studies primarily for this reason. However, it should 

be noted that the histopathology of single-dose oropharyngeal bleomycin administration does not 

fully recapitulate the features of UIP seen in humans (e.g., fibrotic foci are rare)81. Additionally, 

mice treated with bleomycin show eventual resolution of the disease course (~ day 35), which is 

not seen in IPF patients75–80. Despite these drawbacks, we feel the use of single-dose bleomycin 

was appropriate for our studies given our research questions. 

 A second caveat of this project is the use of a Cre-Lox transgenic mouse. In this system, 

mice containing a gene of interest flanked by two LoxP sites are crossed with mice that have a 

Cre recombinase transgene under the control of a tissue-specific promoter. Offspring should 

have the gene of interest deleted ubiquitously in cells expressing the specific Cre promoter. 

Although Cre-Lox technology has been used successfully in mice since 1998308, certain promoter 

regions allow for more robust expression of Cre protein. Consequently, some Cre strains show 

off-target effects and delete the gene of interest from cells that do not express the tissue-specific 

promoter309. Additionally, some Cre lines demonstrate off-target effects by having Cre activity in 

the germline, which results in recombination of the floxed allele that is independent of the 

regulatory Cre-driving element and leads to sex-specific effects310. As noted below, 

Hbegff/f;Lyz2Cre mice deleted gene expression in both myeloid and epithelial cell types 

consistent with expression of the Lyz2 promoter in these cells. Furthermore, the possibility of 

off-target germline activation of the Cre in female mice is worrisome and could lead to sex-

specific differences in transgene expression. To guard against this, future crosses are being 

generated with Cre always expressed in the male line.  
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 The Lyz2Cre promoter does target multiple cell populations273–276. McCubbrey et al. used 

fluorescent reporter lines to investigate off-target effects of several well-known “macrophage” 

Cre driver lines, including Csf1r-Cre, Lyz2Cre, CX3CR1-ERCre and CD68-rtTA274. They saw 

that Lyz2Cre targets all macrophage populations (AMs, IMs, moAMs) with nearly 100% 

efficiency and Ly6C+ monocytes with approximately 70% efficiency274: beneficial statistics for 

our macrophage-based studies. However, Lyz2Cre also targets < 20% of eosinophils, ~50% of 

dendritic cells (DCs), and ~100% of neutrophils. Furthermore, other studies have shown that 

Lyz2Cre targets 25% of all AECs and that these AECs specifically correspond to AT2s274,275.  

While peripheral blood DCs are known to be depleted in IPF patients, the specific role of 

DCs in fibrosis is not well understood288. HB-EGF is deleted in approximately half of the DCs in 

our mouse model. We do not have a strong hypothesis as to what effects this removal could have 

on fibrosis development in general. By contrast, HB-EGF removal from essentially all 

neutrophils could have a major impact on our fibrosis phenotype in the Hbegff/f;Lyz2Cre mice. 

Though challenging to study lung neutrophils in IPF patients due to reduced need for 

bronchoscopy for diagnosis, an increased neutrophil count is associated with worsened 

fibrosis2,311,312. Specifically, neutrophils have been described to participate in regulation of ECM 

remodeling and formation of PMN extracellular traps, both of which may have profibrotic 

effects291. Additionally, mice deficient in the neutrophil product, neutrophil elastase (NE), are 

protected from fibrosis and even inhibiting NE dampens the fibrosis response in mice291. It is 

possible that there may be a role for neutrophil-derived HB-EGF, either in function or in total 

quantity, that we are unable to address in this study. The most problematic aspect of the 

Lyz2Cre, of course, is its propensity to target AT2s. As it is well-known that AT2s differentiate 

into AT1s and that this process is significantly upregulated after AT1 injury, deletion of HB-
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EGF from AT2s under the Lyz2Cre promoter might effectively remove HB-EGF from many 

AECs in Hbegff/f;Lyz2Cre mice after bleomycin administration. Consequently, we are unable to 

fully rectify the role that AEC-specific HB-EGF has in this mouse model, nor can we rectify the 

role of macrophage-specific HB-EGF in this mouse model. Future studies, described below, will 

be needed to further advance these questions. 

 Though not a caveat, one serious limitation in this work is the lack of validated murine 

HB-EGF antibodies. Although HB-EGF is well-studied in the cancer field and as such there are 

many human antibodies for this protein, none exist for the mouse. This makes some experiments 

highly challenging; there is no direct way to measure levels of HB-EGF secreted from various 

cell types or measure total HB-EGF protein in the lung. As such, we have been unable to 

determine if HB-EGF is required to be present at a certain threshold in the lung to induce an 

overall profibrotic lung phenotype or rather, if the cell source of HB-EGF is more important.  

 

Future Directions 

Next Steps for Chapter 2 Studies 

Throughout this dissertation work, we have placed a large emphasis on the role of soluble 

factors derived from profibrotic M2 macrophages. One future direction that would continue in 

the exploration of soluble M2 factors would be to identity the “lookalike” protease in M2 

supernatant that caused a false positive for caspase-3/7 cleavage. To determine which aspartic 

acid protease is responsible, we could systematically target a variety of proteases made in 

BMDMs using siRNAs. By comparing which siRNA causes M2 supernatant luminescence to 

drop to levels equal to the heat-denatured control supernatant, we could determine our protease 

of interest. 
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However, it would also be interesting to next consider the role of juxtacrine signaling in 

macrophages and neighboring cell types. This would allow us to further interrogate how M2 

macrophages act in a profibrotic manner on multiple cell types and what the relative contribution 

of juxtacrine signaling versus paracrine or autocrine signaling might be. For example, we noted 

in our M2 study that M2 supernatant does not induce robust AEC apoptosis, despite ample 

evidence in the literature that AECs apoptose in the fibrotic lung. While our results demonstrate 

that soluble factors from M2 polarized BMDMs cannot induce AEC apoptosis alone, it is very 

likely that cells adjacent to AECs are primed by injury cytokines present in the lung milieu, and 

that these primed adjacent cells then undergo a juxtacrine signaling response to the AECs that 

prompts AEC apoptosis.  

 To investigate questions like these, we would want to use a co-culture system and plate 

M2 macrophages with AECs or M2 macrophages with fibroblasts to allow cell-cell contact. 

Though less straightforward than supernatant alone studies, we could use a variety of techniques 

to repeat assays that examine AEC apoptosis (flow cytometry), AEC profibrotic gene expression 

(anti-CD45 bead sort), fibroblast migration (irradiated macrophages and/or fluorescent labeling 

by cell type), and fibroblast proliferation (flow cytometry). To distinguish macrophages from 

AECs or fibroblasts, we could perform the assays using flow cytometry and gate out CD45+ cells 

(macrophages) or we could use anti-CD45 magnetic beads to separate out macrophages, leaving 

only AECs or fibroblasts behind in the flow-through for downstream analysis.   

 As BMDM-derived M2 macrophages cultured in vitro can be criticized for having less 

relevance to in vivo disease phenotypes, we could also consider using a more relevant 

macrophage subtype for these juxtacrine signaling experiments. This could include performing 

BALs followed by adherence purification to examine a primarily AM population, performing 
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collagenase digests with bead-sorting and/or adherence purification to look at AMs or IMs, or 

even FACS-sorting out moAMs to look at the most physiologically relevant macrophage cell 

type in the lung. By treating mice with bleomycin instead of relying on a reductionist M1-M2 

polarization scheme in vitro, it would also allow us to better recapitulate macrophage phenotypes 

during the fibrotic response for these assays. By better understanding the functional responses 

that occur because of juxtacrine signaling, these studies would offer the potential to lead to 

possible therapeutic strategies in the future.  

 

Next Steps for Chapter 3 Studies 

In addition to expanding overall knowledge in M2 macrophage dynamics, this body of 

work also highlights the importance of macrophages in the establishment of fibrosis. Data from 

the literature show that different macrophage populations play distinct and non-redundant roles 

in tissue repair, fibrosis development, and regeneration313–315. As macrophages themselves are a 

highly heterogenous population102, it follows that there needs to be ample understanding of the 

various roles of each type of macrophage in the field. Our work supports data by Misharin 

(2017) and Joshi (2020) that moAMs have a critical role in fibrosis development6,7. Despite these 

studies, there is still not much collective evidence describing moAMs and their various 

functional properties. As a next step, we plan to focus specifically on moAM signaling and 

maintenance pathways through several approaches.  

 While Hbegff/f;Lyz2Cre mice are protected from bleomycin-induced pulmonary fibrosis, 

the Lyz2Cre promoter targets both the alveolar epithelium as well as a number of immune 

cells286. To elucidate the importance of HB-EGF in moAMs specifically, we could consider 

creating a mouse with HB-EGF deleted from only moAMs, which would allow us to determine if 
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HB-EGF-specific moAM deletion was sufficient to protect mice from fibrosis and assist in 

additional experiments to identify the role of HB-EGF in moAM maintenance and homeostasis. 

Unfortunately, it would be highly challenging to generate this mouse, as there is no targetable 

moAM-specific Cre driver at present. To investigate the role of HB-EGF in moAMs, therefore, 

we could consider FACS-sorting moAMs from wild type mice and performing tail vein 

injections to provide these moAMs in a mouse lacking HB-EGF+ macrophages (e.g., 

Hbegff/f;Lyz2Cre or Hbegff/f;Csf1rCre mice) and comparing results to mice that receive tail vein 

injections of HB-EGF- macrophages (from Hbegff/f;Lyz2Cre or Hbegff/f;Csf1rCre mice, e.g.). 

Although this technique would not be able to identify how the removal of HB-EGF effects 

downstream pathways in a loss-of-function system, it would show how the presence of HB-EGF 

can influence moAMs specifically in a gain-of-function style. 

Since moAMs derive from Ly6C+ monocytes circulating in the bloodstream, it is also 

possible that HB-EGF is involved in differentiation of Ly6C+ monocytes into moAMs and/or 

that HB-EGF is required for homing of Ly6C+ monocytes to the lung after injury. This could be 

through extravasation and/or through regulation of important chemokine signaling. Our work 

identified that Hbegff/f;Lyz2Cre mice have less CCL2 present in BALF three days post-

bleomycin and that AECs and BAL cells make less CCL2 transcript at the same time compared 

to wild type animals. We tested HB-EGF for direct ability to induce CCL2 mRNA, but results 

were negative in macrophages, AECs, and fibroblasts. Future experiments could explore 

inhibition of HB-EGF signaling (via EGFR inhibition with Erlotinib) on CCL2 production in 

these cells to see its effects on downstream targets or attempt to study co-regulation pathways 

with other CCL2-inducing signals. Additionally, work by Joshi has demonstrated that MCSF 

signaling is required for maintenance and persistence of moAMs in the lung, and a study by 
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Schneider et al. showed that differentiation of recruited monocytes and their engraftment into the 

alveolar niche is dependent on GMCSF111,316. While our preliminary work did not support an 

effect of HB-EGF bolstering MCSF expression or increased downstream MCSF signaling 

pathways, it is possible that all three growth factors, separately or in combination, have a 

necessary role in moAM recruitment, establishment, and persistence that may or may not be 

related to CCL2 production. 

 In addition to considering moAM-specific HB-EGF removal, we should also 

conclusively determine the role of HB-EGF in AECs. To do this, we could consider obtaining a 

mouse that allows for either AT2-specific (SPC-Cre) or AT1-specific (Aqp5-Cre-IRES-DsRed) 

removal of HB-EGF309,317. An AT1-specific deletion of HB-EGF would be beneficial: as AT1s 

are the cell type that undergo extensive apoptosis in the fibrotic lung, removing HB-EGF from 

these cells would target the majority of cells in the epithelium and conclusively show if HB-EGF 

makes AT1s prone to injury. An AT2-specific deletion of HB-EGF could also be a good choice: 

AT2s differentiate into AT1s after injury, which would allow both AT2s and many AT1s to have 

HB-EGF removed after bleomycin treatment and during fibrosis development and progression. 

We could also mine scRNAseq databases to compare overall levels of HB-EGF mRNA 

expression in AT1s, AT2s, and transitional AECs at homeostasis and after bleomycin before 

committing to a specific mouse model. To determine which cell source of HB-EGF is more 

critical in protection and/or resolution of the injury phenotype, we could perform lung leak 

assays (e.g. total protein, Albumin ELISAs) at day 3 post-bleomycin and a hydroxyproline assay 

to look at fibrosis severity at day 21 post-bleomycin in both of these AEC-specific mouse 

models. We could also further investigate the role of CCL2 in these AECs, as it is possible that 

loss of HB-EGF in AECs changes downstream HB-EGF signaling that alters normal activation 
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of CCL2 in injured AECs. Since evidence shows that EGFR signaling may regulate AEC repair 

in vivo and in vitro15, this is a plausible mechanistic explanation in Hbegff/f;Lyz2Cre mice.  

Intriguingly, our studies show that wild type mice express lower levels of HB-EGF 

mRNA in AECs after bleomycin treatment, which could indicate that decreased levels of HB-

EGF in AECs may promote a fibrotic phenotype. However, this is contradictory to the results in 

our second BMT experiment in which the data showed that protection in Hbegff/f;Lyz2Cre mice 

is almost certainly enabled by a (partial) removal of HB-EGF in AECs. One explanation could be 

that the process of ATII cell isolation, which takes several days, may artificially lower HB-EGF 

mRNA expression. It is also possible that HB-EGF is regulated post-transcriptionally and these 

changes cannot be detected in qPCR analysis. Since there is no murine HB-EGF antibody, use of 

mice with an AT1- or AT2-specific HB-EGF deletion could offer a route to understanding these 

differences through a third experimental technique.  

 The most interesting future direction for this body of work is also the most technically 

challenging: elucidating the role of membrane-bound HB-EGF (proHB-EGF) compared to 

soluble (s)HB-EGF. HB-EGF is initially synthesized as a membrane-bound growth factor 

(proHB-EGF). In a process termed ectodomain shedding, proHB-EGF is cleaved by one of 

several proteases, resulting in a soluble component (sHB-EGF) and an intracellular carboxy-

terminal HB-EGF domain (HB-EGF C)318. Both proHB-EGF and sHB-EGF are known to be 

biologically active, and since evidence exists showing that proHB-EGF-dependent signaling 

cannot always be replicated by sHB-EGF, it suggests that the two forms of HB-EGF have 

different functions, or at least promote different downstream events, from each other319. ProHB-

EGF is known to stimulate DNA synthesis, enhance intercellular adhesion, and regulate cell 

survival, sometimes with the help of cognate receptors or accessory proteins in the cell 
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membrane319. Additionally, proHB-EGF has been shown to have growth inhibitory activity, 

while sHB-EGF stimulates growth and keratinocyte migration and invasiveness318,320.  

That said, differing functions between proHB-EGF and sHB-EGF are hard to elucidate 

and may vary by organ; for example, proHB-EGF inhibits growth and apoptosis in a kidney cell 

line but induces mitogenic activity in EP170.1 cells320. Additionally, proHB-EGF and sHB-EGF 

may have different roles during homeostasis versus wound healing. A study by Singh et al. 

demonstrated that juxtacrine signaling via proHB-EGF was vital for maintaining normal 

epithelial structures in kidney cells, but pathological disruption of cell-cell junction induced 

cleavage of proHB-EGF into sHB-EGF, which then promoted proliferation, migration, and 

dedifferentiation168. Understanding the nuances of proHB-EGF and sHB-EGF is further 

complicated since HB-EGF C is biologically active, able to help initiate DNA replication and 

enhancing anti-apoptotic effects when binding to BCL-2 cofactor BAG1 after translocating to the 

nucleus318,321.  

To further complicate the situation, both proHB-EGF and sHB-EGF can bind to ErbB 

family receptors EGFR and HER4. Differences in downstream signaling pathways exist based on 

receptor-binding differences: while HB-EGF is not a mitogen in HER4-expressing cells, HB-

EGF can stimulate both chemotaxis and proliferation in cells expressing EGFR322. Furthermore, 

sHB-EGF, along with other GPCR agonists, can cause EGFR transactivation323,324.  

Despite these challenges, understanding how proHB-EGF and sHB-EGF function in 

different cell sources in the lung during homeostasis or after injury is a critical next step. Like 

our future directions in the M1/M2 macrophage study, we could begin by examining the roles of 

proHB-EGF signaling in vitro with coculture studies and comparing experimental results to cells 

that only received supernatant (and thus, only sHB-EGF) during each assay. To be even more 
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precise, we could generate a mouse that is unable to cleave proHB-EGF in a specific cell type 

using one of the Cre-lox models outlined above for all myeloid cells (Lyz2Cre), for only 

moAMs, for AT2s (SPC-Cre), or for AT1s (Aqp5-Cre-IRES-DsRed). Data in the literature show 

that ADAM17 is the preferential sheddase for proHB-EGF and in cases where ADAM17 has 

been removed, ADAM10 can sufficiently recapitulate the sheddase function318. As whole-body 

ADAM10-/- and ADAM17-/- are embryonic lethal and perinatal lethal, respectively318, use of a 

cell-specific ADAM10-/-ADAM17-/- mouse would allow us to investigate effects of proHB-EGF 

without interference from sHB-EGF in an in vivo model. We could use ADAM10-/-ADAM17-/-

;Lyz2Cre mice to test if proHB-EGF promotes or protects against pulmonary fibrosis. There are 

two primary hypotheses that are possible. In the first, it could be that proHB-EGF is protective 

while sHB-EGF is pathogenic. In this scenario, Hbegff/f;Lyz2Cre mice are protected from 

fibrosis since the pathogenic sHB-EGF is removed from macrophages. Although we know that 

Hbegff/f;Lyz2Cre mice are protected, rHB-EGF did not induce a robust profibrotic response in 

fibroblasts or in AECs in vitro. It could be that sHB-EGF is actually profibrotic, but we were 

unable to see a robust in vitro phenotype because we did not measure the correct fibrotic 

outcomes in fibroblasts and AECs and/or we did not look in the correct cell type (e.g., 

endothelial cells). ADAM10-/-ADAM17-/-;Lyz2Cre mice, then, should be protected in this 

scenario since there is an inability of macrophages to cleave proHB-EGF into sHB-EGF.  

A second hypothesis could be that proHB-EGF is pathogenic and sHB-EGF, as our in 

vitro data showed, is relatively unimportant in disease pathogenesis. In this scenario, 

Hbegff/f;Lyz2Cre mice would be protected, as both forms of HB-EGF are removed, but 

ADAM10-/-ADAM17-/-;Lyz2Cre mice would develop fibrosis. Assuming that there is no proHB-

EGF cleavage compensation by MMP3 or MMP7318, lack of protection in ADAM10-/-ADAM17-
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/-;Lyz2Cre mice would support the concept that proHB-EGF is profibrotic and sHB-EGF is a less 

important factor in fibrosis development. However, it is highly unlikely that proHB-EGF and 

sHB-EGF act in a ubiquitous manner across all cell types. Rather, proHB-EGF may be 

pathologic for certain cell types (e.g., AECs) while sHB-EGF may be for others (e.g., 

fibroblasts). The two could also have preferential expression and activation based on the specific 

tissue and/or the inflammatory state, as is the case in the kidney and pancreas168,169. Additionally, 

we must consider the role of HB-EGF C, which when translocated to the nucleus post-

ectodomain shedding, could influence propensity for apoptosis. Although this will be a 

complicated mechanism to fully unravel, a good next step would be to put different cell types in 

coculture with macrophages and perform assays similarly to what we have done with rHB-EGF. 

Ideally, putting all of these data together side-by-side will yield insights into the pathologic 

versus protective nature of proHB-EGF and sHB-EGF. 

 

Concluding Remarks 

IPF is a highly debilitating and deadly disease. With the use of a mouse model and 

various in vitro assays, we have been able to investigate factors that may regulate establishment 

of a profibrotic environment and the overall development of fibrosis. A primary goal of this work 

was to help close the gap in understanding of the intersection of macrophage dynamics, cellular 

crosstalk, and the role of specific growth factors in the development and progression of 

pulmonary fibrosis. We hope that this work may help lead to new therapeutic interventions for 

patients suffering from this devastating disease.  
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