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ABSTRACT 

Tissue fibrosis occurs in the advanced stages of various chronic diseases and can account 

for 45% of all deaths related to chronic diseases worldwide. The extracellular matrix 

(ECM) components comprising the fibrotic scar are primarily derived from 

myofibroblasts, which are contractile fibroblasts arising from the trans-differentiation of 

several cellular progenitors. Disturbances in immune cell infiltration and function could 

lead to the uncontrolled production of pro/anti-inflammatory mediators, which may alter 

the phenotype, state, and function of myofibroblasts progenitors, leading to aberrant 

wound repair and pathological fibrosis. A great deal of knowledge has implicated 

macrophages in the pathogenesis and exacerbation of the fibrotic process. Nonetheless, 

much remains to be elucidated on the potential mechanisms regulating macrophage 

accumulation and pro-fibrotic polarization, and whether these mechanisms can be further 

investigated to modulate tissue repair. The Endoplasmic reticulum (ER) stress has 

recently been implicated as a key mechanism that propagates the pathogenesis of the 

fibrotic process. How ER stress precisely impacts the fibrotic process is still unclear. This 

thesis partly explored how modulating the outcome of ER stress – the unfolded protein 

response (UPR), would affect the severity of lung fibrosis and addressed the role of IL-6 

signalling in macrophages during fibrosis. The data demonstrated that UPR activation in 

pro-fibrotic macrophages and partial deficiency of Grp78, the master regulator of the 

UPR, abrogated pulmonary fibrotic changes and reduced the accumulation of pro-fibrotic 

(M2-like) macrophages. These findings were later associated with high TUNEL levels, 

7AAD positive cells, Chop and cleaved caspase 3 levels, which are suggestive of GRP78 
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mediated apoptosis in this population. On the contrary, mice lacking a terminal UPR 

mediator of apoptosis, called Chop, had increased ECM deposition and greater 

persistence of non-apoptotic macrophages. These findings suggest that UPR-mediated 

macrophage polarization and apoptosis may alter lung wound repair processes. As IL-6 

synergized the effect of IL-4 to promote a hyper M2 macrophage state, it provided a 

unique and compelling model to study the dynamics of macrophage alternative 

programming, which has set the stage to investigate whether the UPR was implicated in 

the generation of a hyper pro-fibrotic macrophage phenotype. This hyper M2 macrophage 

model led to the identification of ER expansion program and the IRE1-XBP1 arm of the 

UPR in pro-fibrotic macrophage polarization, and suggested an unprecedented in vivo 

role of IL-6 in priming macrophages in the injured lungs to possibly potentiate 

pathological wound repair. Looking forward, many questions remain to be answered in 

order to precisely identify the vital UPR axis regulating ER expansion in macrophages 

during pathological wound repair and to get closer to the understanding of whether the 

UPR modulates the pro-fibrotic/pro-resolving capacity of macrophages. Insights on these 

mechanisms may facilitate the development of therapeutics that better manage chronic 

fibrotic diseases which pose fatal consequences and increase public concern. 
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Preface 

The Ph.D. thesis shown in this document is presented in the “Sandwich” format as per the 

instructions illustrated in the “Guide for the Preparation of Master’s and Doctoral Theses” 

provided by the School of Graduate Studies at McMaster University. Chapter 1 is an 

introduction chapter which contains general knowledge that ties together the three main 

studies presented in this document. Chapters 2-4 constitute the body of the work and 

include three independent but conceptually related studies investigating mechanisms and 

processes aimed at better understanding the implication of macrophages in modulating 

fibrogenesis. In these sections, I have primarily outlined the duration and status of the 

work, as well as my contributions. Details pertaining to the conception and design of the 

studies, performance of experiments, analysis and interpretation of the data, drafting of 

the manuscript, as well as editing and revising the manuscript are indicated in each 

chapter (2-4).  

Chapter 1: This chapter contains introductory topics essential for the understanding of 

the rationale and objectives of the work in chapters (2-4).  

Chapter 2:                               Ayaub EA, Kolb PS, Mohammed-ali Z, Tat V, Murphy J, 

Bellaye PS, Shimbori C, Boivin FJ, Lai R, Lynn EG, 

Lhotak S, Bridgewater D, Kolb MRJ, Inman MD, 

Dickhout JG, Austin RC, Ask K. GRP78 and CHOP 

modulate macrophage apoptosis and the development of 
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bleomycin-induced pulmonary fibrosis. Journal of 
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Experimental assistance was provided by undergraduate students (PSK, VT, JM), 

graduate students (ZM, RL, FJB) and post-doctoral fellows (PSB, CS, EGL). Dr. RCA 

and JGD provided the Grp78
+/-

 mice and gave scientific input. Drs. MDI,  MRJK and DB 

critically appraised the manuscript. KA overlooked the project, designed key experiments 

and edited the manuscript.   

Chapter 3:                               Ayaub EA, Tandon K, Parthasarathy P, Dvorkin-Gheva 

A, Dubey A, Murphy J, Kolb PS, Lhotak S, Kolb MRJ, 

Austin RC, Richards CD, Ask K. IL-6 mediates ER 

expansion and hyperpolarization of alternatively activated 

macrophages. Manuscript to be submitted. 

This work started in May 2015. As the primary author, I conceptualized the majority of 

the experiments, analysed and interpreted most of the generated data, and drafted the 

manuscript. Experimental assistance was provided by undergraduate students (PSK, JM) 

and graduate students (KT, PP). KT provided the human link by confirming the 

phenomena in the THP-1 human monocytic cell line. Dr. SL processed samples for 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

15 
 

transmission electron microscopy and provided intellectual input with the interpretation 

of the images. Dr. AD assisted with the bioinformatics and generated the hierarchical 

clustering analysis of the immune/inflammatory and UPR related genes. Dr. RCA and 

MRJK gave scientific input. Dr. CDR provided the expertise in gp130-mediated IL-6 

signalling. KA overlooked the project, designed key experiments and edited the 

manuscript.   

Chapter 4:                               Ayaub EA, Dubey A, Imani J, Botelho F, Kolb MRJ, 

Richards CD, Ask K. Overexpression of OSM and IL-6 

impacts the polarization of pro-fibrotic macrophages and 

the development of bleomycin-induced lung fibrosis. 

Scientific reports (August 2017). Manuscript in revision.  

This work started in Nov 2015. As the primary author, I conceptualized the majority of 

the experiments in this project, analysed and interpreted most of the generated data, and 

drafted the manuscript. AD significantly contributed to this project by performing all the 

Western blots and helped to draft the manuscript. Experimental assistance was also 

provided by JI (Ph.D. student) and Dr. FB (Research associate) who both helped to 

interpret the results of the flow cytometry. Dr. MRJK provided intellectual input 

regarding fibrosis. Dr. CDR provided the expertise in gp130-mediated IL-6/OSM 

signalling, and with Dr. KA, overlooked the project, designed key experiments and edited 

the manuscript.   
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Chapter 5: This chapter includes the discussion of the three primary projects included in 

this thesis. The significance of the major findings has been highlighted while discussing 

how the generated data added new knowledge to the field. Potential implications and 

future directions have also been included. 
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Fibrotic lung disease – Overview  

 

Fibrosis constitutes a major pathological process contributing to interstitial lung disease 

(ILD) progression and mortality. Idiopathic pulmonary fibrosis (IPF) is a chronic 

progressive lung disease, which is typically fatal within 2-3 years of diagnosis [1]. This 

disease is estimated to affect around 30,000 Canadians, where approximately 6000 new 

diagnoses are made every year [2]. A large portion of IPF patients experience accelerated 

disease progression and rapid decline in lung function, known as acute exacerbation of 

IPF (AE-IPF) [3, 4]. There are various triggers to AE-IPF, such as mechanical 

injury/stress, infections, as well exposure to environmental pollutants; it is now 

recognized that a hyper-active immune compartment may also influence the prognosis of 

the disease [4-6]. Although the origin and development of IPF remains to be fully 

understood, it is believed that fibrosis is associated with a progressive accumulation of 

myofibroblasts, specialized cells involved in secreting and depositing collagen and other 

extracellular matrix (ECM) proteins crucial for the scarring process [7-9]. The 

accumulation of scarring materials leads to increased stiffness in the lung which makes 

breathing increasingly more difficult.  

 

Immune cell involvement and the role of inflammation in lung fibrosis have recently 

regained the attention of the medical and scientific community. Interestingly, while 

inflammatory mediators and immune cells are intricately involved in the pathogenesis of 

IPF, corticosteroid treatments have shown poor efficacy. The poor response does not 

necessarily equate a lack of involvement of the immune compartment, as there are many 
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inflammatory diseases in which anti-inflammatory therapies are ineffective [10, 11]. 

These findings raise potential for an alternate immune pathway, and suggest a need to 

precisely delineate specific targets to better understand the immune cell hypothesis in the 

progression of the fibrotic process. The immune cell hypothesis states that the rapid 

progression of fibrosis is mediated by episodic and possibly silent inflammatory events. 

More precisely, it is postulated that specific subsets of activated leukocytes (T cells, 

monocytes or macrophages) contribute to the steep progression of fibrosis by expressing 

factors that enhance the pro-fibrotic phenotype and function of structural cells, such as 

epithelial cell and fibroblasts. Recent progress in IPF therapeutics has been made in the 

form of two FDA approved drugs, Pirfenidone and Nintedanib, which slowed IPF disease 

progression, as demonstrated by their ability to significantly reduce the annual rate of 

decline in forced vital capacity (FVC), which is regarded as the primary end point in both 

trials [12, 13]. However, there are still unmet medical needs in many patients that 

continue have severe IPF. This suggests a need to further investigate targetable biological 

processes, which may lead to treatment options that have a profound effect on the 

progression of IPF. 

 

Cellular contributors to lung fibrosis 

The primary cell type that directly impacts the process of ECM buildup is the 

myofibroblast. Myofibroblasts are contractile fibroblasts that express smooth muscle actin 

stress fibers, and are known to efficiently synthesize collagen and other extracellular 

matrix proteins [14]. Although the exact cellular progenitor of myofibroblasts during 
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fibrosis is still unclear, myofibroblasts are generally thought to originate from the trans-

differentiation of various cells types. Some of the most common progenitors include: 

Epithelial cells, through epithelial-to-mesenchymal transition (EMT) [15, 16]; endothelial 

cells, through endothelial-to-mesenchymal transition (EndoMT) [17, 18]; fibrocytes [19, 

20]; and fibroblasts [21]. Mechanisms interfering with myofibroblast activities, such as 

proliferation or survival in the fibrotic milieu and ECM deposition, could impact the 

severity of fibrosis. 

 

Aside from myofibroblasts, the accumulation of immune cell infiltrates including 

lymphocytes, macrophages, neutrophils and eosinophils have been associated with 

pathological changes in patients with usual interstitial pneumonia (UIP), a common 

feature of fibrotic lung disease [22]. Immune cells are believed to be the upstream cells 

that orchestrate the process of fibrogenesis, either through the secretion of pro-fibrotic 

mediators or through various actions that remain to be elucidated [23, 24]. In IPF, there 

have been long standing beliefs that immune cells are not initially required to develop 

fibrosis. With recent advancements of knowledge revolving around fibrosis, it is more 

increasingly recognized that immune cells can propagate the fibrotic process, especially 

in cases of infection and recurrent tissue injury to the epithelium/endothelium. Our goal is 

to identify, modulate and better understand the primary immune compartment that 

significantly alters myofibroblasts accumulation and pro-fibrotic function. 

 

T cells in pulmonary fibrosis 
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Although the precise involvement of the adaptive immune compartment in pulmonary 

fibrosis remains controversial [25, 26], there is increasing evidence that T cells may 

influence fibrotic disease pathogenesis. In 2007, IPF research regained interest in T cells 

when Feghali-Bostwick et al. demonstrated that CD4 T lymphocytes from IPF patients 

have auto-reactive clonal expansion properties against IPF lung fibrotic extracts, not seen 

in healthy control lungs [27]. The authors demonstrated increased autoantibody 

production and augmented T cell proliferative capacity in response to cellular self-

antigens derived from the fibrotic ECM. In many fibrotic lung diseases such as IPF and 

sarcoidosis, both CD4 and CD8 were present and activated [28, 29]. Furthermore, the 

shift of T cells towards the CD8 phenotype was associated with poor prognosis in IPF 

patients. Animals lacking T cells or CD28, a co-stimulatory signal required for T cell 

activation, experienced reduced fibroblast proliferation and ECM deposition during 

bleomycin-induced lung fibrosis [30], while reduced expression of CD28 on CD4+ T 

cells predicted poor survival [31], suggesting the complexity of T cell subtypes. Studies 

from IPF disease models such the bleomycin model suggest that the specialized subsets, 

Th1 and γδT cells, elicit anti-fibrotic effects in the animal model [32, 33], while those 

subsets with Th17 and Th2-mediated cells promote fibrotic effects [34, 35]. In the 

bleomycin-induced pulmonary fibrosis model, regulatory T cells (Tregs) had opposing 

roles during early and late phase of the disease [36, 37]. While Tregs contributed to 

enhanced fibrogenic potential during the inflammatory phase, they had a suppressive role 

during the chronic fibrotic stage of the disease. In the silica-induced lung fibrosis in mice, 

Tregs were recruited to the lung and were responsible for the production of the fibrogenic 
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cytokines, TGFβ1, IL-10, PDGF and IL-6 [38]. In the pulmonary interstitium of IPF 

lungs, CD4+ T cell ratio, favouring CD4+CCR4+ to CD4+CCR6+ cells, was associated 

with better FVC, further implicating this unique T-cell subset in preserving lung function, 

as displayed by better FVC [39]. Thus, unlike the pro-fibrotic and anti-fibrotic roles of the 

different CD4 class of effector cells, the number of CD8+ T cells has been correlated with 

poor prognosis in patients with pulmonary fibrosis [28, 29, 40]. Recently, IL-21 has been 

identified to control the differentiation of CD8+ T cells to IL-13-producing Tc2 cells, and 

thereby assigning IL-21-Tc2 axis as a key immune signalling pathway involved in 

fibrogenesis [41]. Overall, literature suggests that T cells have the capacity to either 

propagate or diminish the fibrotic process via the production of Th1/Th2 related factors or 

through close interaction and activation of myeloid or structural cells. What still remain 

partially unanswered is the exact mechanism or signal that allows T cells to gain a pro-

fibrotic status during chronic repair processes. 

 

Macrophage phenotypes and their contribution to lung fibrosis  

Many of the mediators produced by T cells influence the phenotype and function of 

macrophages, which are regarded as prominent immune cells in fibrotic disorders, 

including pulmonary fibrosis. Macrophages are highly abundant in the bronchoalveolar 

lavage fluid (BALF) of IPF patients and display various phenotypes depending on the 

inflammatory milieu. In murine models, macrophages produce superoxide and hydroxide 

free radicals in response to bleomycin, leading to injured lung epithelium, an 

inflammatory cascade and fibrosis [42]. Macrophages have also been shown abundant in 
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areas of chronic inflammation and to play a role in altering fibroblast function by 

modulating fibroblasts pro-inflammatory and proliferative capacity [43, 44]. In response 

to their surroundings, macrophages polarize into various phenotypes depending on the 

signals in their microenvironment. Based on in vitro studies, it is acknowledged that there 

are two types of macrophages, the classically activated (M1) macrophage and the 

alternatively activated (M2) macrophage (AAM) [45]. In response to a common M1 

macrophage stimulus, lipopolysaccharide (LPS) and interferon gamma IFNγ, M1 

macrophages display anti-fibrotic/tumour properties by producing nitric oxide and other 

inflammatory mediators (TNFα, IL-6 and IL-1β) and enhancing T cell responses. M2 

macrophages are mainly responsible for down-regulating inflammation through the 

release of anti-inflammatory cytokines as well as initiating tissue repair and remodelling 

events by synthesizing TGFβ1, VEGF and EGF [46, 47]. M2 macrophages are 

programmed by IL-4 and IL-13, and are characterized by the expression of CD206, 

arginase-1 (arg1), Ym-1, Fizz-1, CD163 and CCL18. Some of these markers are 

differentially and uniquely regulated between different species. For example, arginase-1 

is solely regarded as a murine M2-related marker, while CCL18 is considered to be a 

human M2-produced chemokine. It has also been acknowledged that M2 macrophages 

can be further classified into different subtypes depending on the initial stimulus in vitro 

(such as M2a, M2b, M2c). Notably, M1 and M2 macrophages are opposite and well-

defined extremes of macrophages that can be utilized in vitro in studying mechanisms 

encountered during pathological wound repair. In this thesis paper, the terms “M1” and 

“M2” macrophages are used to refer to macrophages in which the initial stimuli (in vitro) 
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are known to be LPS/IFNγ and IL-4/IL-13, respectively. For identification of in vivo 

macrophages expressing certain characteristics of M1 and/or M2 macrophages, as shown 

experimentally, these cells are referred to as M1-like or M2-like macrophages. 

Alternatively, the macrophage phenotype can be illustrated based on the positivity of the 

markers expressed on the cell (such as arg1+CD206+ macrophages).  

Although there has been controversy regarding the wide range of 

immunomodulatory molecules that impact macrophage trophic function, it has been 

generally accepted that mediators resulting from alternative activation of macrophages 

could contribute to fibrotic processes. For example, during the acute exacerbation of IPF, 

increased markers of alternatively activated macrophages are associated with poor 

prognosis [6, 48, 49]. It is also believed that activated M2-like macrophages secrete pro-

fibrotic cytokines and soluble mediators, which could be essential for cellular 

differentiation into myofibroblasts [50-52]. Overall, the in vitro classifications of M1 and 

M2 macrophages are simplistic and require more experimental evidence to better define 

their putative roles in vivo. Exploring pathways and signals leading to various 

macrophage phenotypes could better predict novel pathways that may halt or haste repair 

processes. 

 

While macrophage polarization towards the M2-like phenotype is anticipated in 

fibrotic-inducing and Th2-enriched cytokine environment [47, 48], the precise 

macrophage subtype directly contributing to fibrogenesis remains to be elucidated. In a 

murine model of silicosis, markers of the AAMs such as arginase-1, Fizz1, Ym1, and 
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CD206 were shown to be up-regulated [48] [47]. Mice lacking IL-4Rα displayed a 

reduced M2-macrophage accumulation (via reduction of Ym1), resulting in an abrogated 

fibrotic response and Th2 immunity during silicosis [53]. In addition, in murine models of 

pulmonary fibrosis, manipulation of macrophage numbers in vivo was shown to result in 

varying fibrotic outcomes [54]. Of note, one of the early evidence implicating the link 

between reduced macrophage infiltration with the extent of pulmonary fibrosis stemmed 

from the elegant work conducted by Okuma et al [55]. In their study, the authors 

investigated the hypothesis that macrophage infiltration into the lung initiates the fibrotic 

process using mice deficient in CCR2, which is a key receptor for monocyte/macrophage 

trafficking into the injured lungs. In response to bleomycin, CCR2 knockout mice 

exhibited reduced macrophage recruitment into intra-alveolar spaces and diminished 

macrophage MMP2 and MMP9, thus preserving the structural integrity of the basement 

membrane and ameliorating the fibrotic outcome. Subsequently, Gibbons et al postulated 

that the action of macrophages could vary depending on their time of existence during the 

injury-repair process. It has been shown that depletion of macrophages or circulating 

monocytes during the inflammatory phase (day 2 to 16) of bleomycin-induced pulmonary 

fibrosis has no effect on the resultant fibrosis [54]; depletion of macrophages during the 

fibrotic stage (day 21 to 28) reduced the degree of fibrogenesis in the lungs; in contrast, 

Gibbons et al. showed that the depletion of macrophages during the resolution phase (day 

42 to 46) of the bleomycin model delays the resolution and can promote persistence of 

disease [54]. These results are consistent with the work done by Atabi et al. which 

illustrated that macrophages are capable of removing accumulated collagen in murine 
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lung fibrosis [56]. The presented collection of evidence on the role of macrophages in 

fibrosis suggests that investigating the mechanisms related to their accumulation, 

alternative activation and pro-fibrotic function is necessary to uniquely modulate the 

fibrotic response. One of the key mechanisms that will be explored in this thesis is the ER 

stress and UPR activation.  

 

ER stress and UPR activation 

The endoplasmic reticulum (ER) is an organelle responsible for protein folding, 

processing and trafficking in the cell. Approximately one third of proteins assembled in 

the cell processed through the ER [57]. These biochemical mechanisms are critical in 

producing stable tertiary structures of proteins that are integrated into the cell membrane 

and processed for secretion. The formation and proper folding of nascent proteins 

requires the involvement of molecular chaperones such as immunoglobulin heavy chain 

binding protein (BiP), also known as glucose regulated protein-78 (GRP78) [58, 59]. The 

accumulation of misfolded proteins in the ER lumen results in ER stress, to which the 

cells respond by initiating a repair process termed the Unfolded Protein Response (UPR) 

[60]. The UPR is an intracellular signaling pathway initiated by the dissociation of 

GRP78 from three ER membrane-bound stress sensors: Inositol-requiring protein 1 

(IRE1), activating transcription factor 6 (ATF6) and PKR-like ER kinase (PERK). 

Dissociation of GRP78 occurs due to its higher affinity for misfolded or unfolded proteins 

within the ER lumen. To accommodate the enhanced protein folding capacity of the ER, 

the UPR may also initiate ER membrane biogenesis (the ER expansion program) through 
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the IRE1-XBP1 pathway or the ATF6 pathway [61, 62]. If protein homeostasis is not 

restored within the ER, further activation of the UPR can induce programmed cell death 

(or apoptosis) via C/EBP homologous protein (Chop) mediated program. As such, the 

UPR is a quality control system aimed to restore proteostasis through the inhibition of 

protein translation, production of chaperones and/or initiation of the ER-associated 

protein degradation pathway.  

 

ER stress as a pro-fibrotic stimulant  

Growing evidence implicates UPR involvement in various human respiratory conditions, 

such as fibrotic lung diseases [63-66]. Accumulation of unfolded proteins in the ER is the 

cellular signature of various human diseases, including infectious, metabolic and 

malignant diseases. It is intriguing that these seemingly unrelated diseases might share 

common fundamental molecular principles; thus questions arise whether these pathways 

can be potentially be manipulated to prevent disease development. 

 

Early postulates of the ER stress as a key component to ILD’s pathogenesis 

became more compelling with findings that the ER stress response is activated in cases of 

IPF-induced epithelial cell injury [64, 67, 68]. Various factors have been demonstrated to 

induce ER stress and cause injuries to the alveolar epithelial cells (AECs) including 

viruses, cigarette smoke, particulate matter and other environment exposures [69-71]. 

While AECs can maintain homeostasis from a few isolated injuries, it has been suggested 

that consistent and prolonged injuries disrupt cellular homeostasis via extended or 
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recurrent ER stress and over-activated UPR response [72]. During this response, various 

downstream pathways are activated, including ER stress-mediated pro-inflammatory 

pathways, apoptosis and cellular differentiation events. Dysfunctional AECs may impair 

the ability to regenerate normal AEC, leading to aberrant injury and fibrosis[64, 68]. 

Overall, the activated UPR in the pulmonary epithelium is likely involved in disease onset 

and progression. 

 

Recently, the notion that ER stress and the UPR are involved in the promotion of 

fibrotic processes in epithelial cells and fibroblasts has caught the attention of biomedical 

researchers. Previously, it was shown that ER stress is involved in epithelium-to-

mesenchymal transition (EMT) during aberrant wound healing – a key process 

responsible for ECM deposition in pulmonary fibrosis [73]. GRP78, a key molecular 

chaperone of the ER, and a marker for ER stress and UPR, has been shown to be elevated 

in an animal model of pulmonary fibrosis as well as in IPF human lung tissues [74]. In 

vitro, the UPR was demonstrated to be involved in transforming growth factor-beta 

(TGFβ1)-induced myofibroblast differentiation; the level of differentiation was 

suppressed by administration of 4-phenyl butyric acid (4-PBA), a non-specific chemical 

chaperone and UPR modulator [74]. The activation of the UPR signalling pathway 

resulted in the upregulation of other ER resident molecular chaperones that increase 

cellular protein folding capacity; this response has also been documented in non-

pulmonary systems of fibrosis [75]. Conducting research on cell lines derived from IPF 

patients, Horowitz et al. have shown that UPR and ER stress are strongly associated with 
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alveolar epithelial cell apoptosis [67]. Furthermore, the expression of L188Q SFTPC 

(mutated form of surfactant protein C) induced ER stress in type 2 alveolar epithelial cells 

such as A549 cells. Lawson and colleagues demonstrated that after treating L188Q 

transgenic mice with intratracheal bleomycin, the mice developed lung fibrosis and had 

reduced lung compliance – a physiological measurement of lung tissue elastance and 

stiffness [72]. Moreover, the model showed increased apoptosis of epithelial cells and a 

greater number of myofibroblasts in the lung. While it is becoming more lucid that ER 

stress causes apoptosis in type 2 AECs, and thereby potentially promote the development 

and progression of fibrosis, the underlying mechanisms that cause ER-stress mediated 

apoptosis are not clear. In short, ER stress may act as a cellular switch that promotes 

EMT, fibroblasts-to-myofibroblast differentiation and AEC apoptosis, and thus 

influencing fibrotic disease progression.  

 

Growing evidence suggests that ER stress and UPR activation are important 

indirect mechanisms through which macrophages influence fibrogenesis. In studies using 

peripheral macrophages of diabetic patients, the ER stress inhibitor, 4-PBA, suppressed 

the M2-polarization process and shifted macrophages toward the M1 phenotype, 

suggesting that ER stress facilitates the polarization of the M2 phenotype [76]. Despite 

this interesting finding that ER stress and UPR markers are induced during macrophage 

transition toward the M2 phenotype, the exact UPR pathway contributing to such 

phenotype, especially in the context of lung injury and fibrosis is still undetermined. Not 

only was the UPR induced during monocyte to macrophage differentiation [77] but it was 
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also critical during the differentiation of non-secretory cells to professional secretory 

cells, such as differentiation of B cells into plasma cells [78]. In this paper, the activation 

of IRE1-XBP1 arm of UPR was demonstrated to be indispensable in the differentiation of 

B-cells to antibody-secreting plasma cells [78]. Later evidence showed that B cell 

activation and differentiation to plasma cells, which is dependent on UPR activation 

through IRE1-XBP1 splicing, is elicited by IL-4 [79]. Since IL-4-mediated STAT6 

activation is a physiologically relevant pathway that also drives M2 macrophage 

polarization [80], the impact of IL-4 on the UPR and XBP1 splicing requires inspection in 

macrophages. Collectively, ER stress responds to pro-fibrotic injury by being activated in 

various cell types within the lung to facilitate pathological wound repair. How ER stress 

specifically contributes to the pathogenesis of fibrosis is not very clear and which lung 

cells most importantly require UPR activation to maintain lung homeostasis is still 

debatable. Better understanding of the contribution of different UPR-axes during 

pathological wound repair could yield novel cellular mechanisms to prevent the 

progression of pathological scarring.  

 

IL-6 signaling and lung fibrosis 

IL-6 was first discovered in 1986 as a B cell stimulatory factor regulating 

immunoglobulin G (IgG) production. Later, IL-6 gained further attention as a key 

regulator of acute phase inflammation through the production of C-reactive protein (CRP) 

[81] [82]. More recently, IL-6 has been gaining attention for its potential relationship to 

cancer and fibrotic disease progression. Levels of circulating IL-6 have been found 
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increased in patients with systemic sclerosis (SSc)-interstitial lung disease [83, 84]. 

Similarly, circulating level of IL-6 has been shown elevated in IPF patients with acute 

exacerbations compared to those with stable disease [85], and interestingly was associated 

with poor prognosis and increased risk of death. These findings suggest an important role 

of IL-6 in facilitating fibrotic disease progression and necessitate further study to 

elucidate its plausible function in IPF.  

 

The two ways in which IL-6 is known to activate cells are through classical or 

trans signaling. During classical signaling, IL-6 can bind to the membrane-bound IL-6 

receptor alpha (mIL-6Rα) expressed on the majority of leukocytes and hepatocytes [86], 

which is then presented to the membrane-bound glycoprotein 130 (gp130). During trans 

signaling, IL-6 can bind to the soluble form of IL-6Rα (sIL-6Rα) in the extracellular 

space, forming the IL-6/sIL-6Rα complex. This complex then activates cells lacking mIL-

6Rα, which cannot respond directly to IL-6 alone [87]. In both pathways, gp130-mediated 

signaling activates Janus Kinase (JAK) proteins, leading to the phosphorylation of the 

signal transducer and activator of transcription 3 (STAT3), followed by the dimerization 

of STAT3. Subsequently, the dimerized form of STAT3 translocates to the nucleus where 

it mediates the transcription of genes associated with cell migration, angiogenesis, tumour 

growth and epithelial-to-mesenchymal transition [88]. The protein gp130 exists in a 

membrane-bound form which enables it to act as a signal transducing β receptor for all 

IL-6 family cytokines (IL-6, IL-11, IL-27, CNTF, CLC, CT-1, LIF and OSM) [86]. 

Alternatively, gp130 can also appear as soluble gp130 (sgp130) generated naturally by 
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differential splicing of the gp130 mRNA. In this form, sgp130 acts to specifically 

antagonize IL-6 trans signaling [86, 89]. This role of sgp130 was acknowledged and later 

utilized to design the high affinity fusion protein sgp130Fc which selectively binds IL-

6/sIL-6Rα complex, and thus inhibiting IL-6 trans signaling. Given that gp130 is also a 

receptor for other gp130 cytokines, the IL-6/sIL-6Rα complex partially emulates the 

function of these cytokines, which could play an important role in fibrosis [90-93].  

 

Due to the involvement of IL-6 in propagating fibrotic disease pathology, IL-6 

signalling has been studied extensively, especially in animal models. In response to the 

bleomycin challenge, IL-6 knockout mice displayed reduced lung fibrotic changes, 

accompanied by diminished early influx of macrophages, neutrophils and MIP-1 alpha, 

which is known to be involved in the recruitment of polymorphonuclear leukocytes 

primarily responsible for augmenting the responses to lung injury [94]. These findings are 

not entirely unanticipated given that earlier evidence suggested that IL-6 acts 

synergistically with bleomycin to increase MIP-1 alpha production in the lung, potentially 

contributing to fibrosis [95]. Based on these findings, subsequent studies aimed to 

precisely examine the pathways leading to IL-6 signalling. In one study by Le et Al., it 

was demonstrated that neutralizing IL-6 trans signalling, via sgp130Fc, led to reduced 

myofibroblast accumulation and ECM deposition, which are key effects relevant in the 

progression of fibrosis [93]. In their study, the authors showed that bleomycin primes 

pulmonary macrophages to express ADAM17, and thereby contributes to the shedding of 

soluble IL-6 receptor and the downstream activation of IL-6 trans signalling. Later 
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published work was aimed to elucidate the importance of IL-6 at different phases 

(inflammatory phase and fibrotic phase) during the establishment of fibrosis. Since the 

bleomycin model is a biphasic model comprising of both early inflammatory phase and 

late fibrotic phase, Kobayashi et Al. rationalized that IL-6 blockade in each of the two 

phases has opposing outcome on fibrosis [96]. Indeed, neutralizing IL-6 early on 

increased the epithelial susceptibility to injury by promoting the apoptosis of type II 

pneumocytes, and accelerated fibrotic remodelling in the lung. In contrast, neutralizing 

IL-6 beyond the initiation of the fibrotic phase reduced fibrotic outcome in the lung [96]. 

Although the precise mechanism behind improved fibrotic outcome is not well 

understood, one plausible mechanism could be linked to the ability of IL-6 to regulate the 

cell fate of type II pneumocytes – known as alveolar type II epithelial cells with 

reparative and surfactant producing function [97]. Other than the lung, targeting IL-6 has 

also been effective in a bleomycin-induced dermal fibrosis model, where IL-6 blockade 

reduced dermal thickness and fibrosis by possibly reducing pro-collagen 1 production and 

myofibroblast accumulation [98]. These findings prompted the initiation of clinical trials 

to test the efficacy of anti-IL-6 antibody, such as Tocilizumab, in patients with diffuse 

cutaneous systemic sclerosis. Evidence from the phase II trial revealed a reduced rate of 

percentage-FVC decline in lung function in patients administered with Tociliziumb 

compared to placebo [99]. Interestingly, these patients had a significantly reduced level of 

serum CCL18, a key pro-fibrotic M2-like cytokine involved in the progression of fibrotic 

disease, suggesting that IL-6 may modulate the M2 cytokine milieu in response to chronic 

tissue injury. A phase III clinical trial is currently underway (ClinicalTrials.gov). Overall, 
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IL-6 signalling is complex and can exert simultaneous functions that modulate immune 

cell recruitment and cellular differentiation processes, making it a targetable pathway for 

many inflammatory-driven fibrotic diseases. 
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Central Aim and Thesis Objectives 

The central hypothesis of this Ph.D. thesis is as follows: Modulating the UPR influences 

the pathogenesis of pulmonary fibrosis. More specifically, I hypothesize that increased 

activation of the UPR in the lung would lead to increased epithelial cell death and 

fibroblasts to myofibroblasts differentiation, resulting in enhanced fibrotic processes.  

Subsequent objectives or questions were derived from the initial research objective and 

insights from the initial data. Accordingly, I have developed the following sequence of 

objectives to test the central hypothesis.  

 

1. To examine the fibrogenic capacity of Grp78
+/-

 mice and investigate the potential 

molecular mechanisms associated with the observed phenotype (Chapter 2). 

2. To discuss how targeting the UPR may impact the fibrotic outcome by modulating 

the survival and polarization of macrophages (Chapter 2). 

3. To describe the implication of the endoplasmic reticulum expansion program on 

the polarization of pro-fibrotic macrophages (Chapter 3). 

4. To highlight how targeting the endoplasmic reticulum expansion pathway may 

suppress a hyper pro-fibrotic macrophage phenotype (Chapter 3). 

5. To examine how IL-6 may impact the polarization of pro-fibrotic macrophages 

and the development of the fibrotic process (Chapter 4).  

 

 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

36 
 

Chapter 2 

GRP78 and CHOP modulate macrophage apoptosis and the 

development of bleomycin-induced pulmonary fibrosis 

 

Summary and Significance 

Fibrotic disorders like IPF have been associated with ER stress and activation of the UPR. 

It is well known that the activation of the UPR regulates cellular proteostasis, and in the 

case of prolonged activation apoptotic processes may be engaged. In the lung, the specific 

cellular localization and susceptibility of ER stress and UPR is poorly understood. We 

have in this manuscript examined the role of GRP78, using Grp78 heterozygous 

transgenic mice in the experimental animal model of bleomycin-induced fibrosis. We 

hypothesized that these mice would have an increased fibrotic response due to increased 

UPR activity in fibroblasts and/or myofibroblasts. To our surprise, the results 

contradicted our hypothesis in that the mice were well protected against bleomycin-

induced fibrosis. Further investigations demonstrated an absence of activated M2 

macrophages in lung tissues of the protected Grp78 heterozygous mice. This finding was 

associated with high TUNEL levels, 7AAD positive cells, Chop and cleaved caspase 3 

levels, suggesting GRP78-mediated apoptosis in this population. On the contrary, 

bleomycin exposure in mice deficient in Chop, a terminal UPR mediator of apoptosis, led 

to persistence of M2-programmed macrophages in the lungs and increased lung fibrosis 

and mortality on bleomycin exposure. In conclusion, along with describing macrophages 

as cells with an activated UPR signal in fibrotic processes, this study indicates that 
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macrophages are crucial in the fibrotic process, and that modifying their apoptotic death 

and polarization status may serve as a therapeutic target. 
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GRP78 and CHOP modulate macrophage apoptosis and the development of  
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ABSTRACT 

Endoplasmic Reticulum (ER) stress and the Unfolded Protein Response (UPR) have been 

associated with fibrotic lung disease, though exactly how they modulate this process 

remains unclear. Here we investigated the role of GRP78, the main UPR regulator, in an 

experimental model of lung injury and fibrosis. Grp78
+/-

, Chop
-/-

 and wild type C57BL6/J 

mice were exposed to bleomycin by oropharyngeal intubation and lungs were examined 

at day 7 and 21. We demonstrate here that Grp78
+/- 

mice were strongly protected from 

bleomycin-induced fibrosis, shown by immunohistochemical analysis, collagen content 

and lung function measurements. In the inflammatory phase of this model, a reduced 

number of lung macrophages associated with an increased number of TUNEL-positive 

cells were observed in Grp78
+/- 

mice. Dual immunohistochemical and in situ 

hybridization experiments showed that the macrophage population from the protected 

Grp78
+/- 

mice was also strongly positive for cleaved caspase-3 and Chop mRNA, 

respectively. In contrast, the administration of bleomycin to Chop
-/-

 mice resulted in 

increased quasistatic elastance and extracellular matrix deposition associated with an 

increased number of parenchymal arginase-1-positive macrophages that were negative for 

cleaved caspase-3. The data presented indicate that the UPR is activated in fibrotic lung 

tissue and strongly localized to macrophages. GRP78 and CHOP-mediated macrophage 

apoptosis was found to protect against bleomycin-induced fibrosis. Overall, we 

demonstrate here that the fibrotic response to bleomycin is dependent on GRP78-

mediated events and provides evidence that macrophage polarization and apoptosis may 

play a role in this process.  
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INTRODUCTION  

Idiopathic pulmonary fibrosis is an irreversible progressive fibrotic disorder with a 

median survival rate of 2.5-3.5 years post-diagnosis [1]. Though the pathogenesis of 

pulmonary fibrosis is not fully understood, it is thought that repeated micro-injuries to the 

epithelium lead to the recruitment of immune cells, which secrete soluble mediators 

involved in the transdifferentiation process of fibroblasts to myofibroblasts [2-4]. The 

myofibroblast has been the subject of various investigations [5-8] due to its central role in 

the deposition of excessive extracellular matrix (ECM) proteins in fibrotic disease [3,9]. It 

is still poorly understood how these myofibroblasts accumulate in the lung parenchyma 

and how this process can be halted [9]. Recently, activation of the Unfolded Protein 

Response (UPR) has been found to be critical in the differentiation of a variety of cell 

types from a quiescent state to a cell with increased secretory ability [10], including 

macrophages [11], plasma cells [12], adipocytes [13], myofibroblasts [14-16] and 

eosinophils [17]. If Endoplasmic Reticulum (ER) protein homeostasis is not restored, the 

UPR, through prolonged activation, may also initiate apoptotic cell death through the 

upregulation of C/EBP homologous protein (CHOP), also known as DNA damage-

inducible gene 153 (GADD153) [18]. Although initially identified as a protein involved 

in UPR-associated apoptosis, CHOP is also known to enhance de novo protein synthesis, 

via the dephosphorylation of Eukaryotic Translation Initiation Factor 2α (eIF2α) [19]. 

Glucose-Regulated Protein 78 kDa (GRP78), also known as Binding Immunoglobulin 

Protein (BiP) or Heat Shock 70 kDa Protein 5 (HSPA5), is a major chaperone located in 

the ER [20]. Under homeostatic conditions, GRP78 binds to three UPR sensors activating 
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transcription factor 6 (ATF6), inositol-requiring kinase 1 (IRE1) and protein kinase RNA-

like endoplasmic reticulum kinase (PERK) [20,21]. Upon recognizing misfolded proteins 

in the lumen of the ER through their exposed hydrophobic regions [22] GRP78 activates 

the UPR by dissociating from these molecular sensors [23,24]. Although recent 

investigations have made it possible to understand these regulatory processes at the 

cellular level, the role of these mechanisms in different cell types composing a complex 

tissue such as the lung are not well understood. Studies in this area have focused on the 

role of UPR activation in epithelial cells [25-27] or in the fibroblast-to-myofibroblast 

differentiation process [16]. Yet, it is still unclear i) how the UPR specifically contributes 

to the pathogenesis of lung fibrosis; ii) which lung-specific cell types require UPR 

activation to maintain organ homeostasis; iii) which lung-specific cell types are 

susceptible to UPR activation and iv) if this is a targetable biochemical process. Initially, 

we hypothesized that increased activation of the UPR in vivo would lead to increased 

epithelial apoptosis and to the differentiation of fibroblasts to myofibroblasts resulting in 

an enhanced scarring process and severe fibrotic response. To test this hypothesis, we 

exposed Grp78
+/- 

mice to bleomycin and assessed their response to inflammation and 

fibrosis. Unlike whole body deletion of Grp78 which results in embryonic lethality [28] 

Grp78 haploinsufficiency in mice (Grp78
+/-

 mice) leads to mice that are viable; this 

model has been used to examine the role of GRP78 and UPR in several other systems 

[29-31]. Contrary to our initial hypothesis, Grp78
+/- 

mice were markedly protected against 

bleomycin-induced pulmonary fibrosis. This protection was associated with a decreased 

number of pulmonary macrophages in the Grp78
+/- 

mice. Further investigation revealed 
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that these cells were TUNEL-positive and that they expressed GRP78, CHOP and cleaved 

caspase-3. The exposure of Chop
-/-

 mice to bleomycin reversed these observations and 

resulted in increased quasistatic elastance and extracellular matrix deposition in 

conjunction with an accumulation of arginase-1-positive pulmonary macrophages in the 

interstitium. To our knowledge this is the first report to identify that UPR activation is 

required for the fibrotic response and provides preliminary evidence that the macrophage 

may play a role in this process.   
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METHODS  

Detailed methods are described in the online supplement. 

Animals. Grp78
+/- 

mice (C57BL6 background) were a gift from Dr. Amy Lee [28]. Chop
-

/-
 and wild type mice were commercially obtained.  

Administration of bleomycin and collection of mouse specimens. Experimental 

pulmonary fibrosis was induced using a single intratracheal instillation of bleomycin at 

0.04 or 0.06 Unit per mouse.  

Measurements of pulmonary function: Lung function was measured using a 

flexiVent® mechanical respirator.  

Collagen assays: Insoluble and soluble collagen from wild type and Grp78
+/-

 lung tissues 

were assessed using hydroxyproline and sircol assays, respectively. 

Isolation of mRNA and NanoString gene expression: Total RNA from bone marrow-

derived macrophages and from frozen lung tissues were extracted using RNeasy Mini Kit 

and TRIzol® reagent. Gene expression was either performed by RT-PCR (SYBR green) 

or by NanoString® nCounter gene expression technology.  

Histochemistry and Immunohistochemistry: Tissue slides were generated and 

subsequent staining was performed for Masson’s trichrome, αSMA, F4/80, MAC3, Ki-67, 

Arginase-I, GRP78 and CHOP. 
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Immunofluorescence: Immunofluoresecent staining of GRP78, MAC3, E-Cadherin and 

Cleaved caspase-3 was performed on formalin-fixed lung tissues from wild type, Grp78
+/-

 

and Chop
-/-

 mice.  

In Situ Hybridization and image quantification: In Situ Hybridization for Ddit3 (Chop) 

and F4/80 was performed using the Affymetrix QuantiGene ViewRNA assay. Briefly, 

paraffin blocks were sectioned at a thickness of 5 μm, deparaffinized, boiled in pre-

treatment solution (Affymetrix, Santa Clara, CA) and digested with proteinase K. 

Sections were incubated with Ddit3 and F4/80 for 2 hrs at 40°C. Signal was amplified 

with Pre-Amp and Amp solutions (Affymetrix, Santa Clara, CA) and then developed with 

Fast-Red and Fast-Blue Substrates. Slides were counter-stained with DAPI, mounted with 

Fluoromount (Sigma, St. Louis, MO) and scanned on a VS120 Olympus Slide Scanner 

where CY5 and TRITC channels were used to view F4/80 and Chop, respectively. Dual 

positive cells were then counted and presented per mm
2 

area.  

TUNEL Assay: TUNEL was performed on lung tissues derived from wild type and 

Grp78
+/-

 lungs using the in situ apoptosis detection kit from Trevigen.  

Statistical analysis: Results were expressed as mean ± SEM. When two groups are 

compared, a two-tailed parametric or non-parametric T-Test was performed. When more 

than two groups were compared, two-way analysis of variance (two-way ANOVA) 

followed by Newman-Keuls multiple comparison test was used. All statistical tests were 

performed using GraphPad Prism 5.0d (GraphPad Software, Inc). A p<0.05 was 

considered statistically significant.  
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RESULTS  

Grp78 haploinsufficiency protects against bleomycin-induced lung fibrosis. 

To examine the role of GRP78 in lung fibrosis, we exposed mice haploinsufficient for 

Grp78 (Grp78
+/-

) to bleomycin. Grp78
+/-

 was verified by genotyping [32] and by western 

blot analysis in total lung homogenates (Supplementary Figure 1A-C). Figure 1A shows 

the pressure-driven PV-loops at the fibrotic stage (day 21) in this model. As expected, 

wild type lungs exposed to 0.04U bleomycin were stiffer as compared to wild type lungs 

receiving saline only. The associated lung function parameters, quasistatic elastance (Est) 

and k-value confirmed a statistical difference between bleomycin-exposed wild type mice 

and respective controls (Figure 1B-C). These findings were in stark contrast to Grp78
+/- 

mice exposed to bleomycin, where, no change in elastance could be observed (Figure 1A-

C). The quantification of insoluble (Figure 1D) and soluble collagen (Figure 1E) from 

wild type and Grp78
+/- 

mice confirmed the protective phenotype. This was verified by 

histological examination of fibrosis (Figure 1F) and Ashcroft scoring (Figure 1G) and by 

 

Grp78
+/- 

leads to a reduction in macrophage population in vivo.  To determine which 

molecular and cellular factors might have contributed to the protective phenotype 

observed in Grp78
+/- 

mice, we assessed the inflammatory response to bleomycin at day 7 

and 21. The total cell number in the broncheoalveolar lavage fluid (BALF) peaked at day 

7 and returned towards baseline by day 21 in both genotypes (Supplementary Figure 2A). 

Further examination of cell differentials indicated a reduced number of macrophages at 

day 7 in the BALF of Grp78
+/-

 mice, compared to wild type (Figure 2A), with no 
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apparent difference in neutrophils (Supplementary Figure 2B). Cytokine assessment in 

BALF of TGF-β1 and IL-6 indicated that both were slightly increased in bleomycin-

exposed Grp78
+/- 

mice compared to saline-exposed mice (Supplementary Figure 2C-D). 

This was consistent with immunohistochemical examination of phospho-SMAD2 staining 

(Supplementary Figure 3, 4). The IL-6 findings were replicated in a commercial 32 

cytokine and chemokine assay that also indicated that Grp78
+/-

 mice had increased levels 

of six additional cytokines (MCP-1, IP-10, LIF, G-CSF, IL-5 and Eotaxin) at day 7, 

compared to wild type and Chop
-/-

 mice (Supplementary Figure 5, 6). To confirm that the 

number of macrophages was reduced in lungs of Grp78
+/- 

mice, we quantified F4/80 

positive cells at days 7 and 21. A drastic reduction of F4/80 positive cells was observed at 

day 7 in Grp78
+/- 

mice compared to wild type mice (Figure 2B-C), suggesting a potential 

pro-fibrotic role of macrophages in this model. To further characterize the macrophage 

polarization pattern in this system, we performed immunohistochemical staining of 

arginase-1 and mannose receptor 1 (MR1) as markers of pro-fibrotic M2 macrophages 

[33,34]. Both arginase-1 and MR1 positive cells were rarely detected in saline-exposed 

lungs, both were abundantly increased in fibrotic wild type lungs at days 7 and 21, and 

strongly reduced at day 21 in the Grp78
+/-

 mice (Figure 2D-E, Supplementary Figure 7). 

A discrepancy between these markers was observed at day 7, where only arginase-1 

levels were reduced in Grp78
+/-

 mice exposed to bleomycin. To determine the possible 

cause of the absence of arginase-1-positive macrophages in the Grp78
+/-

 mice, we 

conducted additional experiments to investigate i) the capacity of Grp78
+/-

 macrophages 

to polarize into arginase-1-positive cells and their association with UPR activation, ii) the 
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pulmonary inflammatory infiltration capacity of macrophages in Grp78
+/-

 mice in 

response to an LPS inflammatory stimulus associated with cytokine release, as well as iii) 

the proliferative capacity of pulmonary cells in Grp78
+/-

 mice in response to bleomycin. 

These experiments indicated that Grp78
+/-

 mice
 
have no defect in their ability to polarize 

toward the arginase-1-positive cells (Supplementary Figure 8A) and associated with the 

activation of the UPR, demonstrated by the detection of spliced Xbp-1 (Supplementary 

Figure 8B) and increased expression of Grp78 (Supplementary Figure 8C). Their capacity 

to infiltrate in response to LPS was not modulated, as a similar number of total cells and 

macrophages could be found in the BALF (Supplementary Figure 9A-B), along with 

similar levels of secreted IL-1β (Supplementary Figure 9C). The assessment of Ki67-

positive cells and the T-cell marker CD3 also indicated no difference in the total number 

of cells proliferating and the number of T-cells (Supplementary Figures 10A-B and 11, 

respectively). We then examined whether the UPR was activated in the macrophage 

population in response to bleomycin in vivo. Dual immunofluorescence staining of MAC3 

and GRP78 demonstrated that GRP78 staining could be co-localized in macrophages 

during bleomycin-induced lung fibrosis (Figure 2F). In addition, immunoblotting analysis 

of whole lung homogenates revealed that GRP78 protein levels were increased in 

response to bleomycin in wild type mice (Supplementary Figure 1A-C).  

Grp78
+/-

 modulates fibrotic transcripts, ER-resident molecular chaperones and Chop 

in response to bleomycin. To better understand how Grp78
+/- 

mice were protected from 

bleomycin-induced lung fibrosis, we assessed the transcriptional pattern of 67 genes in 

lung homogenates of all mice examined (See Table I and supplementary Figure 12 in 
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supplement for a list of all genes investigated and a heat-map of differentially regulated 

genes). As shown in Figure 3A-C, the expression of extracellular matrix molecules 

Col1a1, Col3a1 and Fn1 mRNA was increased in both wild type and Grp78
+/-

 mice at 

day 7, but returned towards baseline only in the less fibrotic Grp78
+/-

 mice at day 21. The 

collagen-folding chaperone Fkbp10 was also induced at day 21 only in wild type mice 

(Figure 3D). The UPR and chaperone associated genes Grp78, Calreticulin and Hsp47 

were increased in Grp78
+/-

 mice at day 7 (Figure 3E-G). We also detected an increase in 

the expression of Chop in lung homogenates of Grp78
+/-

 mice at day 7 (Figure 3H). 

Based on the above finding that the macrophage population was reduced in both BALF 

and in the lung tissues of Grp78
+/-

 mice upon bleomycin exposure (Figure 2A-C), 

combined with the finding that GRP78 was co-localized in the macrophage population, 

we questioned whether the downstream UPR marker Chop was expressed in this 

population of cells and if it could be involved in UPR- and CHOP-mediated apoptosis. To 

address this question, we conducted in situ hybridization studies and determined that 

Chop expression was co-localized in F4/80 positive macrophages in Grp78
+/- 

mice 

(Figure 3I-J and supplementary Figure 13), suggesting that Chop-mediated apoptosis may 

have occurred in Grp78
+/-

 mice exposed to bleomycin. 
 

Grp78
+/-

 upregulates apoptotic signals in macrophages upon bleomycin exposure. To 

address if CHOP could be involved in macrophage apoptosis in the Grp78
+/-

 mice 

exposed to bleomycin, we examined first the expression of CHOP using 

immunohistochemical methods. As observed with GRP78 immunohistochemical staining, 

the expression of CHOP appeared to be localized both in bronchial epithelium and in cells 
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consistent with a macrophage phenotype (Figure 4A). We then examined if an overall 

apoptotic signal could be detected in lung homogenates by quantification of cleaved 

caspase-3, which showed a significant increase (Figure 4B-C). To address the specific 

cellular localization of this apoptotic signal, we performed TUNEL stain (Figure 4D), 

revealing that numerous cells were TUNEL-positive in Grp78
+/- 

mice at day 7 (Figure 

4E). As expected, most TUNEL-positive cells in wild type mice appeared to be of 

epithelial origin. In contrast, a high number of luminal alveolar cells consistent with a 

macrophage phenotype were TUNEL positive in lungs of Grp78
+/- 

mice 7 days after 

bleomycin exposure (Figure 4D), suggesting that apoptosis had occurred in the 

macrophage population. To confirm this observation, we performed dual 

immunofluorescent staining of a macrophage marker, MAC3, with an epithelial marker, 

E-Cadherin, in combination with cleaved caspase-3 (Figure 4F-I and supplementary 

Figure 14). Cleaved caspase-3 expression was strongly co-localized with the macrophage 

population in the lungs of Grp78
+/- 

mice compared to wild type mice, while no difference 

could be observed in the epithelial cell population, indicating an association between 

Chop mRNA and protein expression with apoptosis in the macrophage population. The 

examination of whole lung 7AAD and F4/80 positive macrophages by FACS analysis 5 

days after bleomycin administration confirmed an increased number of dead macrophages 

in lungs of Grp78
+/-

 mice (Supplementary Figure 15). To determine whether freshly 

isolated alveolar macrophages from bleomycin-exposed Grp78
+/-

 lungs demonstrates an 

early apoptotic transcriptional signature that precedes the observed apoptotic phenotype at 

day 5 and 7, we isolated alveolar macrophages by adherence at 3 and 7 post-bleomycin 
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administration. The results confirmed that Chop mRNA level was increased in the 

Grp78
+/-

 isolated alveolar macrophages at day 3 (Supplementary Figure 16A). In 

addition, the transcriptional level of the apoptotic markers Bax and Bak1 were increased 

only in Grp78
+/-

 isolated alveolar macrophages (Supplementary Figure 16B-C). As 

observed in total lung homogenates, Grp78 mRNA expression was slightly increased in 

isolated alveolar macrophages, suggesting that bleomycin induced an UPR-activation in 

Grp78
+/-

 macrophages (Supplementary Figure 16D). The mRNA expression of the M2 

marker Arginase-1 as well as the fibrotic marker Fn1 were both decreased in alveolar 

macrophages isolated from Grp78
+/-

 mice exposed to bleomycin, compared to wild type 

mice (Supplementary Figure 16E-F). Of note, Col1a1, Col3a1, Fkbp10, Calreticulin and 

Hsp47 previously assessed in the total lung homogenates (Figure 3A-H) were undetected 

in the ex-vivo isolated macrophage population (data not shown). To exclude the 

possibility that myofibroblast apoptosis could occur in the protected Grp78
+/-

 mice, we 

examined the percentage of cleaved caspase-3 and αSMA-positive cells by dual IF in both 

genotypes (Supplementary Figures 17, 18). To further determine if CHOP could be 

causally involved in the apoptotic process of macrophages in vivo, we exposed mice 

deficient in CHOP to bleomycin.  

Chop deficiency results in increased bleomycin-induced lung elastance and 

extracellular matrix deposition associated with the accumulation of arginase-1-

positive macrophages in the lung interstitium. We reasoned that blocking the ability of 

macrophages to undergo Chop-mediated apoptosis would lead to an increase both in lung 

macrophages and in the fibrotic response to bleomycin. In a first set of experiments, 
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Chop
-/-

 and wild type mice received 0.06 U of bleomycin per mouse and were followed 

for 21 days. As shown in Figure 5A, this dose led to a substantial mortality rate in the 

Chop
-/-

 mice (7/9 mice) as compared to wild type mice (2/10), suggesting a potential 

higher susceptibility to bleomycin in Chop-deficient mice. We proceeded to examine the 

fibrotic response at a lower dose (0.04 U bleomycin per mouse). At this dose, Chop
-/-

 

mice developed increased quasistatic elastance and extracellular matrix deposition 

compared to wild type mice (Figure 5B-C and supplementary Figure 19-20) that was 

associated with an increased number of both F4/80-positive and arginase-1-positive cells 

(Figure 5D-E and supplement Figure 20). Of note, the assessment of soluble (sircol) and 

total lung collagen (hydroxyproline) did not result in significant differences between 

Chop
-/-

 and wild-type mice exposed to bleomycin (data not shown). To determine whether 

the accumulating macrophages were persisting in the tissues due to their inability to 

undergo programmed cell death, we performed dual immunofluorescence staining of 

cleaved caspase-3 and MAC3 and demonstrated a significantly reduced amount of 

cleaved caspase-3 positive macrophages in Chop
-/-

 lungs exposed to bleomycin (Figure 

5F-H). These data demonstrate that CHOP is involved in regulating the accumulation of 

non-apoptotic macrophages and extracellular matrix deposition in this model.   
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DISCUSSION   

The data presented in this manuscript shows that modulating the UPR will alter the 

fibrotic response. The effects of Grp78 and Chop manipulation – with polar effects on 

fibrosis and macrophage apoptosis – are consistent with the hypothesis that the 

macrophage plays an important role in fibrosis and that UPR-modulation of the pro-

fibrotic macrophage population may be a viable anti-fibrotic target. This finding was 

admittedly unexpected as we had initially hypothesized that exposing mice with a reduced 

expression of the UPR regulator GRP78 would result in increased activation of the UPR 

and enhanced epithelial apoptosis followed by increased fibroblast to myofibroblast 

differentiation and subsequent lung scarring, as previously suggested [16,25-27,35,36]. 

By further investigation of this unanticipated finding, we believe we have made 

significant contributions to the understanding of the mechanisms of fibrosis in the context 

of the bleomycin model, including the likely profibrotic contribution from activated 

macrophages and the protective role played by the UPR and Chop, in promoting 

macrophage apoptosis.  

The notion that alternatively activated (M2) macrophages may act as regulators of 

fibrogenesis is not novel and has been described extensively in various reviews [37-39] 

and in the bleomycin model [40]. This concept supports the idea that skewing the 

inflammatory response from the M2 toward the M1 phenotype (profibrotic toward 

inflammatory phenotype) may be reducing fibrogenesis. This was recently suggested in 

the bleomycin model, where the administration of vaccinia resulted in a shift in 

macrophage polarization favouring the M1 phenotype and the reduction of lung fibrosis 
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[41]. Additional studies have shown that enhancing the M2 phenotype with MMP-28 [42] 

or IL-33 [43] increased bleomycin-induced lung fibrosis, indicating that profibrotic M2 

macrophages may be a valid antifibrotic target. Several studies have examined and 

suggested that alternatively activated M2 macrophages may contribute to the fibrotic 

process in IPF patients. They are present in the pulmonary interstitium and in fibrotic 

areas of patients diagnosed with IPF [44,45], acute exacerbations have been shown to 

promote their polarization [34]. In vitro, collagen turnover and breakdown products have 

been shown to promote their polarization [46], indicating a plausible mechanism by 

which they could be polarized in scarred tissue. In addition, the notion that corticosteroids 

have been shown to promote M2 polarization [47] could explain why there is currently no 

evidence demonstrating a therapeutic benefit in the treatment of IPF [48].   

The activation of the UPR is the direct response to increased protein misfolding in the ER 

and its activation is aimed to restore proteostasis on any insult to the ER; it likely occurs 

in all cells possessing an ER. The mechanisms of proteostasis restoration are 

multifactorial, and includes an inhibition of protein translation, an induction of ER 

chaperone molecules, an activation of the ER associated proteasome degradation (ERAD) 

pathway. In addition, a well-described molecular mechanism involving IRE1/XBP-1 

activation followed by an ER expansion program aimed at reducing protein crowding in 

the ER can occur. An UPR and Chop-mediated cell death program would be initiated if 

cellular proteostasis is not restored. This could be mediated by GRP78 dissociation and 

PERK activation [49,50] leading to subsequent phosphorylation of eIF2α that may cause 

global halt in protein translation and selectively lift the translational repression on ATF4 
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[51]. This in turn can activate Chop, known to repress the anti-apoptotic BSL-2 activity 

and thus promote apoptosis [52]. According to our initial hypothesis, we expected to see a 

strong UPR activation pattern in both epithelial cells as well as in fibroblasts, resulting in 

epithelial apoptosis [26], myofibroblast differentiation and enhanced fibrosis. Although 

GRP78 staining was expressed in alveolar epithelial cells, we noticed that macrophage-

like cells were also highly positive for GRP78, indicating UPR activation in these cells. 

Cell differential counting indicated that the overall macrophage population was 

diminished in the protected Grp78
+/-

 mouse. Further examination of TUNEL-positive 

cells by morphology was consistent with macrophage apoptosis, dual staining with 

cleaved caspase 3/MAC3 or cleaved caspase-3/E-cadherin suggested that it was the 

macrophage population which was affected by apoptosis, which was confirmed by FACS 

analysis showing increased F4/80 and 7AAD positive cells at day 5 in the protected 

Grp78
+/-

 mice exposed to bleomycin. In addition to this, we performed an in situ 

hybridization assessment of Chop and F4/80, which showed that a large fraction of F4/80 

positive cells in the protected Grp78
+/-

 mice were also positive for Chop. Besides an 

active UPR-mediated process resulting in macrophage apoptosis, there were several 

possible alternative explanations that were examined and ruled out. Neither the 

assessment of an apoptotic event in the myofibroblast population in Grp78
+/-

 mice, a 

proliferative index after bleomycin exposure, the in vitro measurement of the ability of 

bone marrow-derived cells to undergo the macrophage M2 polarization process or the 

assessment of the capacity of macrophages to infiltrate the lungs after a LPS endotoxin 

challenge could explain the lower number of F4/80-positive macrophages found in the 
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protected Grp78
+/-

 mice compared to the fibrotic wild type mice. Mice fully deficient in 

Chop are resistant to ER stress-induced cell death [53] and have recently been shown to 

have increased liver injury and progressive fibrosis associated with an accumulation of 

macrophages in an experimental model of liver steatosis [54]. Our findings complement 

this particular model of liver fibrosis as we observed an increase of pulmonary 

macrophages associated with an increased fibrotic response to bleomycin in the Chop-

deficient mice, suggesting that Chop plays an important role in this model. Of note, it is 

clear that the modulation of Chop expression in different cellular compartments may yield 

different outcomes depending on the specific context. An attractive hypothesis for Chop-

deficient mice would be that the alveolar epithelium would be protected against GRP78-

mediated apoptosis in response to injury. To fully test this hypothesis, inducible 

epithelial-specific transgenic mice would need to be generated and tested.  

A limitation of our study is the use of Grp78
+/-

 and Chop
-/-

 mice, as these animals have a 

global reduction in gene expression in all cell types. In addition, the biochemical 

signature of UPR activation is the detection of increased Grp78 at the mRNA level as 

well as at the protein level, likely through the activation of the IRE1/XBP-1 pathway 

[55,56]. In line with these observations, we show here that Grp78 gene expression was 

not reduced in the Grp78
+/-

 mice, although at the protein level, a substantial reduction of 

GRP78 expression was detected, suggesting a true haploinsufficency. Using siRNA-

mediated knockdown of Grp78, it was shown that a compensatory activation of the 

Grp78 promoter was induced [57]. We confirmed this further in isolated BMDMs derived 

from Grp78
+/-

 and wild type mice, displaying an increased level of spliced Xbp-1 and 
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Grp78 in the haploinsufficient cells, both of which are characteristic of UPR activation. 

In addition, Amy Lee and colleagues [58] demonstrated that GRP78 haploinsufficency 

promoted an adaptive UPR in mice exposed to high fat diet. This group showed that there 

was an increase in spliced Xbp-1 and other ER-resident molecular chaperones in these 

animals. Examination of gene expression using NanoString nCounter technology showed 

that fibrotic markers were induced to the same extent in both the wild type and 

haploinsufficient mice at day 7, but only the haploinsufficient mice were able to recover 

and suppress the expression of these ECM genes at day 21 suggesting an important role 

for the UPR in the context of fibrogenesis. This analysis also indicated signs of an 

adaptive UPR as described previously. Both UPR-associated markers Calreticulin and 

Hsp47 were increased in the haploinsufficient mice at day 7, consistent with findings 

from Ye et al. [58] who showed that Grp78
+/-

 mice were protected against diet-induced 

obesity and insulin resistance through an adaptive UPR. Although we have not yet fully 

characterized and outlined the exact mechanisms of UPR-activated macrophage death in 

vivo, our data suggest that a better understanding of the molecular and cellular 

mechanisms involved in the profibrotic polarization process of macrophages and the role 

of UPR-mediated macrophage apoptosis are needed. This may result in therapies either 

preventing the recruitment of, or targeting pro-fibrotic macrophages as they appear to be 

critical for the fibrogenic response.  

In summary, our data suggest that bleomycin triggers Chop-mediated apoptosis in the 

pulmonary macrophage population in Grp78
+/-

 mice and that the reduction of activated 

macrophages is associated with a markedly reduced fibrotic response. The data presented 
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are consistent with the hypothesis that the alteration of macrophage polarization 

prevented the fibrotic response, although additional experimentation is required to 

establish a causal link (please see Figure 6 for an illustration describing the key findings 

of this paper). A better understanding of the molecular mechanisms involved in 

macrophage polarization and the exact involvement of the UPR in the apoptotic process 

may help us to better understand how current treatment options are beneficial in fibrotic 

lung disease and help us in developing novel antifibrotic therapies.  
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FIGURE LEGENDS. 

Figure 1. Grp78
+/-

 lungs are resistant against bleomycin-induced changes in lung 

function and bleomycin-induced fibrotic changes. Mice were intubated with bleomycin 

(0.04 U/mouse). Fibrosis was assessed after 21 days. (A) Pressure-driven pressure-

volume (PV) loops was performed with flexiVent®, and graphed as an average value of 

all the animals per group. The derived functional parameters (B) Kvalue and (C) quasistatic 

elastance (Est) are shown. (D) Insoluble collagen and (E) soluble collagen were 

determined using the hydroxyproline and the Sircol collagen assay, respectively. (F) 

Representative Masson’s trichrome stained lung images, and (G) Ashcroft score were 

presented from lung tissues of control (sterile saline) and bleomycin-exposed animals. 

Myofibroblast accumulation is shown by (H) representative αSMA-stained lung images 

and (I) quantification from saline- and bleomycin-exposed lung tissues. Bars represent 

mean ± SEM from 5-8 mice per group. This figure shows one of two representative 

experiments. *:P<0.05; **:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * 

represent a difference between bleomycin-exposed groups and their littermate controls; # 

represent a difference between genotypes. Significance was established using GraphPad, 

Prism 5.0 with two-way ANOVA using Newman-Keuls Multiple Comparison test. 

Figure 2. Grp78
+/-

 leads to a reduction in the number of BALF and tissue infiltrated 

macrophages as well as arginase-positive macrophages in response to bleomycin. 

Mice were intubated with bleomycin (0.04 U/mouse) and examined after 7 and 21 days. 

Control animals were exposed to vehicle only (sterile saline). (A) Differential BALF 

macrophage counts shown at 7 and 21 days post-bleomycin administration. (B-C) 
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Immunohistochemical detection of the macrophage receptor F4/80 and quantification per 

mm
2
 of area as assessed in both saline and bleomycin-exposed lungs. (D-E) Arginase-1 

immunostaining and quantification on lung tissue sections showing positive cells (see 

boxes) in wild type and Grp78
+/- 

mice exposed to bleomycin at day 7 and 21. (F) 

Immunofluorescence dual staining of GRP78 (red) and MAC3 (green) in lung sections of 

bleomycin-exposed wild type and Grp78
+/-

 mice. Bars represent mean ± SEM from 5-8 

mice per group and graph shows one of two representative experiments; *:P<0.05; 

**:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference 

between bleomycin-exposed groups and their littermate controls; # represent a difference 

between genotypes. Significance was established using GraphPad, Prism 5.0 with two-

way ANOVA using Newman-Keuls Multiple Comparison test. 

Figure 3. Grp78
+/-

 leads to a reduction in fibrotic transcripts and an enhancement in 

the UPR response following bleomycin administration. NanoString nCounter 

technology was used to measure the expression of 67 genes in the lungs of wild type and 

Grp78
+/- 

mice at 7 and 21 days following exposure to bleomycin or vehicle. Saline-

exposed mice were examined at day 21. The relative mRNA counts of (A) Col1a1 (B) 

Col3a1 (C) Fn1 (D) Fkbp10 (E) Grp78 (F) Calreticulin (G) Hsp47 and (H) Chop are 

shown. (I-J) In situ hybridization representative images and quantification showing the 

co-localization of Chop mRNA by cells expressing F4/80 in bleomycin-exposed lung 

tissues (Scale bar = 20µm). The arrows point towards a single stain (either F4/80 or 

Chop) and the arrowheads point towards cells positive for both F4/80 and Chop. Each bar 

represents mean ± SEM, n = 4–7 per group. *:P<0.05; **:P<0.01; ***:P<0.001; 
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#:P<0.05; ##:P<0.01; ###:P<0.001, * represent a difference between Grp78
+/-

 and their 

littermate controls, # represent a difference between genotypes. Significance was 

established using GraphPad, Prism 5.0 with Two-way ANOVA using Newman-Keuls 

Multiple Comparison test. Please see supplement Figure 10 for a heat-map of genes 

regulated and Supplement Table I for detailed information of all genes investigated. 

Please see supplementary Figure 14 for the saline control images of Figure 3I.  

Figure 4. Macrophage apoptosis is prominent in Grp78
+/-

 lungs seven days post 

bleomycin administration. Animals were intubated with bleomycin (0.04 U/mouse) and 

examined at day 7 and 21. Control animals were exposed to vehicle only (sterile saline). 

(A) Representative images from CHOP-stained lung tissues from control saline and 7-day 

post bleomycin administration. (B-C) Representative immunoblot and densitometry 

analyses of cleaved caspase-3 from lung homogenates of wild type and Grp78
+/- 

mice 7 or 

21 days after bleomycin administration. Tunicamycin treatment (1 µg/mL for 18 hours) of 

A549 cells was used as a positive control for cleaved caspase 3. The actin bands panel is 

the same used in supplementary figure 1A. (D) TUNEL stained representative images are 

shown from both wild type and Grp78
+/-

 lungs in both saline and at day 7. (E) Graph 

showing semi-quantitative analysis of TUNEL-positive cells expressed per mm
2
 tissue. 

(F-G) Representative images and quantification of fluorescent MAC3 signal co-localizing 

with cleaved caspase-3 in bleomycin exposed lung tissues. (H-I) Representative images 

and quantification of fluorescent E-Cadherin signal co-localizing with cleaved caspase-3 

in bleomycin exposed lung tissues. For the saline control images, please see 

supplementary Figure 13A-B. Data represent mean ± SEM, n=5 in each group, *:P<0.05; 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

64 
 

**:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference 

between bleomycin-exposed groups and vehicle; # represents a difference between 

genotypes. Significance was established using GraphPad, Prism 5.0 with unpaired T-test 

and Two-way ANOVA using Newman-Keuls Multiple Comparison test. 

Figure 5. Bleomycin-exposed Chop
-/- 

mice have increased mortality and an 

exacerbated fibrotic phenotype associated with the accumulation of non-apoptotic 

macrophages. Both wild type and Chop
-/-

 mice were given bleomycin by intratracheal 

intubation. Lung function and fibrotic measurements were assessed 21 days following 

bleomycin administration. Lung tissue sections were stained for arginase-1 as well as a 

dual fluorescent macrophage (MAC3) and apoptosis (cleaved caspase-3) markers. (A) 

Kaplan-Meier survival curves showing percent survival of wild type and Chop
-/-

 mice in 

response to 0.06 U of bleomycin by log-rank test († P<0.05; ††<0.01), n=8-10 animals 

per group. (B) Lung tissue stiffness (Est) was assessed by flexiVent® in response to 0.04 

U of bleomycin in wild type and Chop
-/-

 mice, n = 8-10 per group. (C) Representative 

Masson’s trichrome stained images and assessment of the grade of fibrosis by ashcroft 

score in saline- and bleomycin-exposed (0.04U per mouse) wild type and Chop
-/-

 lungs. 

Additional images with high and low magnification are shown in supplementary Figure 

19. D) Representative images and quantification of F4/80 positive cells in bleomycin-

exposed lung tissues (Day 21). F4/80 quantification per mm
2 

of area from wild type and 

Chop
-/- 

mice 21 days post bleomycin administration. For the saline control images, please 

see supplementary Figure 20. (E) Representative images and quantification of arginase-1 

positive cells in bleomycin-exposed lung tissues (Day 21). For the saline control images, 
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please see supplementary Figure 20. (F-H) Representative images and quantification of 

fluorescent MAC3 signal co-localizing with cleaved caspase-3 in the lungs of bleomycin-

exposed lung tissues at day 7 and day 21. For the saline control images, please see 

supplementary Figure 14C. Data represent mean ± SEM, n=8-10 in each group, *:P<0.05; 

**:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference 

between bleomycin-exposed groups and their controls; # represents a difference between 

genotypes. Significance was established using GraphPad, Prism 5.0 with log-rank 

(Mantel-Cox) test and two-way ANOVA using Newman-Keuls Multiple Comparison test.   

Figure 6. An illustration of the findings showing that interfering with Grp78 protects 

against bleomycin–induced lung fibrosis while upregulating Chop and promoting 

apoptosis in macrophages. Conversely, inhibition of Chop promotes accumulation 

and survival of macrophages while exacerbating lung fibrosis. 

It is understood that bleomycin can cause injury to the epithelium through the generation 

of reactive oxygen species (ROS) [26,59-62]. T-cells are then recruited and release 

factors responsible for monocyte/macrophage differentiation and recruitment [63-65], 

leading to the polarization of macrophages toward the M2 phenotype [11,66]. This may 

facilitate the transition of fibroblasts to myofibroblasts [40,67,68], which are ultimately 

responsible for the secretion of ECM proteins involved in the scarring process. Our data 

indicate that manipulation of the UPR is a potential therapeutic avenue in pulmonary 

fibrosis, and suggest a relationship between the extent of fibrosis and the 

polarization/survival of lung macrophages. Further experimentation is needed to 

determine the precise nature of this relationship and whether this might encompass more 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

66 
 

precise targets for intervention. In this cartoon, we have specifically distinguished the 

work of others from our findings by adding a shaded overlay onto previously published 

work.  
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<Supplementary material> 

 

+A: Supplementary materials and methods 

 

+B: Animals 

 

Grp78
+/–

 mice (C57BL6 background) were a kind gift from Dr Amy Lee [28]. Wild 

type female C57BL6/J mice were purchased from Charles River Laboratories 

International (Wilmington, MA, USA) and Chop
–/–

 mice (C57BL6 background) 

were obtained from Jackson Laboratories (cat. no. 005530). Both strains of mice 

were bred in-house and experiments conducted with appropriate littermate controls 

for Grp78
+/–

 or corresponding wild type breeding colony for Chop
–/–

 mice. All mice 

were used at age 8–12 weeks and housed at McMaster University (Hamilton, ON, 

Canada). The animals were kept on a 12 h light/12 h dark cycle at a controlled 

temperature of 20–25°C, ambient humidity of ~50% and fed ad libitum. All work 

was conducted under the guidelines of the Canadian Council on Animal Care and 

approved by the Animal Research Ethics Board of McMaster University under 

Protocol No. 12.02.06. 

 

+B: Administration of bleomycin 

 

Mice were kept under gaseous isoflurane anaesthesia (MTC Pharmaceuticals, 

Cambridge, ON, Canada) throughout the procedure. Experimental pulmonary 

fibrosis was induced using intratracheal intubation of bleomycin at 0.04 or 0.06 

U/mouse in a volume of 50 µl sterile saline (Hospira Healthcare Corp., NDC 
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61703-332-18). Control animals received sterile saline alone. Animal groups were 

sacrificed after 3, 5, 7 or 21 days. 

+B: Administration of LPS 

 

LPS was administered intratracheally to Grp78
+/–

 or wild type C57BL6/J female 

mice (50 µg/mouse in a volume of 50 µl sterile saline; Sigma-Aldrich, cat. no. 

L6511 61703-332-18) and sacrificed after 42 h. BALF was then collected and total 

cellular differentials and cytokine assessment conducted as described below. 

 

+B: Collection of mouse specimens 

 

Mice were anesthetized with isoflurane and sacrificed by exsanguination by 

severing the descending aorta. After exsanguination, the lungs were cannulated, 

excised and washed with phosphate-buffered saline (PBS; 600 µl) for 

broncheoalveolar lavage fluid (BALF) collection and analysis. The four lobes of the 

right lung were rinsed with PBS, tied up with a surgical thread, excised and 

immediately frozen in liquid nitrogen. These were later stored at –80°C for further 

protein and RNA isolation assays. The left lung was removed and inflated to 30 

cmH2O for 3–5 min in 10% formalin solution and fixed for 48–72 h before 

embedding and subsequent histological analysis. 

 

+B: Bronchoalveolar lavage – cell counts and cytospin preparation 

 

Following BALF collection, tubes were placed immediately on ice. Total cell count 

was performed using a haemocytometer from an aliquot of 50 µl from each sample. 

Trypan blue solution (Sigma-Aldrich, cat. no. T8154) was added to these tubes to 

test for cellular viability. The original BALF samples were then spun down at 12 
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000 rpm (Eppendorf centrifuge 5417C) for 10 min. The supernatant was stored at –

80°C for later analysis. Cell pellets were resuspended in PBS and smears were 

prepared by cytocentrifugation (Shandon, Pittsburgh, PA, USA) at a speed of 1000 

rpm for 3 min. The developed cytospin slides were stained with Wright–Giemsa 

stain (Sigma-Aldrich, Oakville, ON, Canada) according to the manufacturer’s 

protocol. Differential cell counts were determined from approximately 300 random 

leukocytes using haemocytological procedures to classify the cells as neutrophils, 

macrophages, eosinophils or lymphocytes. Each cell type is presented as total 

numbers, based on the corresponding total cell count calculated from each sample. 

 

+B: Homogenization of lung tissues 

 

Before homogenization, the originally snap-frozen right lobes of the extracted lungs 

were removed from the –80°C freezer and transferred back into liquid nitrogen. A 

metal chamber fitted with a cylindrical piston was submerged in liquid nitrogen 

until equilibrium was reached. Lung tissues were placed in the metal chamber and 

crushed into a fine powder. Approximately one-third of each finely ground tissue 

was placed in 1 ml TRIzol (Invitrogen, Burlington, ON, Canada, cat. no. 15596-

026), with two-thirds placed into 1 ml RIPA buffer with freshly added protease 

inhibitors (1× PBS, 1% IGEPAL CA-130, 0.5% Na-deoxycholate, 0.1% SDS and 1 

mM Na-orthovanadate, 5 µg/ml aprotinin, 1 mM phenylmethylsulphonylfluoride and 

1 mM dithiothreitol). The powdered lobes contained both RIPA buffer and TRIzol 

reagent were then briefly homogenized using a mechanical homogenizer (Ultra-

Turrax
®
 T25) for protein and RNA work. 

 

+B: Western blot 
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Immediately following lung homogenization in RIPA buffer, tissue lysates were 

incubated on ice for 30 min and then centrifuged at a speed of 12 000 rpm 

(Eppendorf centrifuge 5417C) for 20 min at 4
o
C. The supernatant was collected and 

protein concentration assessed using a detergent-compatible protein assay (Bio-Rad 

Laboratories, cat. no. 500-0112). For western blotting, 40 μg total protein was 

separated on 10% SDS polyacrylamide electrophoresis gel. Proteins were 

transferred to a pure nitrocellulose membrane (pore size 0.2 µm; Bio-Rad, Hercules, 

CA, USA) using a wet transfer apparatus (Bio-Rad) and blocked at room 

temperature for 1 h using Odyssey Blocking Buffer (LI-COR Biosciences, cat. no. 

LIC92740003). Membranes were probed using anti-GRP78 (N-20; Santa Cruz 

Biotechnology, cat. no. sc1050) and anti-cleaved Caspase-3 (Asp175; Cell 

Signaling, cat. no. 9661S) in Odyssey blocking buffer with 0.15% Tween 20 

overnight at 4°C. Anti-actin (Santa Cruz Biotechnology, cat. no. sc1616) antibody 

was used in all western blots to measure housekeeping protein concentration. Anti-

goat (cat. no. LIC92632214) and anti-rabbit (cat. no. LIC92632211) conjugated 

secondary antibodies (LI-COR Biosciences) were used to detect binding of 

antibodies in Odyssey blocking buffer with 0.15% Tween 20. A two-colour western 

blot infrared fluorescent detection method was employed for the detection process 

and an Odyssey
®

 imager (LI-COR Biosciences) was used to visualize protein 

bands. Images were subsequently quantified through densitometry analysis using 

ImageJ software v. 1.46r (National Institutes of Health, USA). 

 

+B: ELISA 

 

IL-6, total and active TGFβ1 and IL-1β concentrations were measured in the BALF 

samples using commercially available ELISA kits (DY406, DY1679 and DY401), 

according to the manufacturer’s protocol (R&D Systems, Minneapolis, MN, USA). 

All samples were measured in duplicate. 
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+B: Multiplex analysis of cytokines 

 

We quantified 32 different cytokines, chemokines and growth factors 

simultaneously using a Discovery Assay
®
 (Mouse Cytokine and Chemokine Array 

32-Plex, Eve Technologies Corp., Calgary, AB, Canada). These 32 different 

mediators were assessed in the BALF of Grp78
+/–

 and littermate control wild type 

as well as in Chop
–/–

 mice and wild type, at both 7 and 21 days after bleomycin 

administration. The multiplex assay was performed at Eve Technologies using the 

Bio-Plex™ 200 system (Bio-Rad Laboratories) and a Milliplex Mouse 

Cytokine/Chemokine Kit (Millipore, St. Charles, MO, USA), according to their 

protocol. The 32-plex consisted of Eotaxin, G-CSF, GM-CSF, IFNγ, IL-1α, IL-1β, 

IL-2, IL-3, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-

15, IL-17, IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, MIP-2, 

RANTES, TNFα and VEGF. The assay sensitivities of these markers are in the 

range 0.1–33.3 pg/ml. Individual analyte values and other assay details are 

available on the Eve Technologies website or in the Milliplex protocol. 

 

+B: Isolation of murine alveolar macrophages 

 

In brief, following intratracheal instillation of saline or bleomcyin (days 3 and 7) 

into the lungs of wild type and Grp78
+/–

 mice, lungs were harvested as described 

above and BALF was performed several times with ice-cold PBS. Collected cells 

were pelleted at 4°C at 1500 rpm for 5 min. The cells were then seeded in 96-well 

tissue culture plates using Dulbecco’s modified Eagle's medium (DMEM)-F12 

containing 10% fetal bovine serum (FBS; Sigma-Aldrich). After 40 min of 

incubation at 37°C, adherent cells were selected by washing all wells with PBS. 

Cell morphology was observed under an inverted microscope, confirming the 
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successful alveolar macrophage adherence, as well as ensuring the exclusion of 

other cell types. The cells were then lysed and subjected to RNA isolation, as 

described below. 

 

+B: Isolation and M2 polarization of bone marrow-derived macrophages 

 

Bone marrow-derived macrophages (BMDMs) were isolated and cultured as 

described previously [69]. Briefly, bone marrow cells from wild type and Grp78
+/–

 

were isolated and treated with 20 ng/ml M-CSF (PeproTech Canada) for 7 days. 

Following 7 days in culture, macrophages were treated for 6 and 24 h with 

recombinant IL-4 (20 ng/ml) and IL-13 (50 ng/ml) (PeproTech Canada) to induce 

alternative programming. Polarization to the M2 phenotype was assessed by 

arginase activity in cell lysates, as described previously [70]. 

 

+B: Extraction of RNA and assessment of RNA quality 

 

Total RNA from frozen lung tissues was extracted using TRizol
®
 reagent (Life 

Technologies, Burlington, ON, Canada). RNA from freshly isolated and adhered 

alveolar macrophages (AMs) and BMDMs were isolated using the RNAeasy mini 

kit (Qiagen, Valencia, CA, USA, cat. no. 74106). Concentrations were measured 

using a NanoDrop spectrophotometer and 3.3.0 software (NanoDrop Technologies, 

Wilmington, DE, USA). The integrity and the quantity of the RNA were examined 

using the Bioanalyser 2100 (Agilent Technologies, Santa Clara, CA, USA) before 

NanoString analysis. 
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+B: Reverse transcription–polymerase chain reaction (RT–PCR) 

 

mRNA isolated from BMDMs was reversed-transcribed using Superscript II RT 

(Invitrogen, Carlsbad, CA, USA) to obtain cDNA for gene expression analysis. A 

7500 Real-Time PCR Machine (Applied Biosystems, Foster City, CA, USA) with 

fast SYBR green mix (Applied Biosystems, cat. no. 4385612) were used. The PCR 

protocol used was a 20 s initiation at 50°C, followed by 10 min at 95°C; 40 cycles 

of 15 s amplification at 95°C and 1 min at 60°C. SYBR green primers, including: 

spliced Xbp1, forward 5-TCCGCAGCAGGTGCAGG-3, reverse 5-

GCCCAAAAGGATATCAGACTCAGA-3; and 18S, forward 5-

AGTCCCTGCCCTTTGTACACA-3, reverse 5CGATCCGAGGGCCTCACT-3 

were prepared by Integrated DNA Technologies. 18s was used as the reference 

gene to assess transcriptional patterns of spliced Xbp-1 and Grp78. Candidate gene 

mRNA levels were analysed using semi-quantitative gene expression analysis 

(ΔΔCT method) and expressed as fold-change relative to the specified control. 

 

+B: NanoString gene expression 

 

NanoString gene expression technology was employed on RNA purified from 

murine lung homogenates and from freshly isolated and adhered murine AMs. The 

nCounter system (Nanostring Technologies, Seattle, WA, USA) was used to 

quantify the expression levels of 67 mouse genes in the mRNA derived from the 

whole lung homogenates (Table 1). Each hybridization reaction contained 100 ng 

(murine) total RNA in a 5 μl aliquot, reporter and capture probes, six pairs of 

positive spike-in RNA hybridization controls and six pairs of negative control 

probes. The hybridization reaction proceeded for 21 h at 65
o
C. Isolated alveolar 
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macrophages from bleomycin-exposed mice were assessed for Col1a1, Col3a1, 

Fn1, Fkbp10, Grp78, Calreticulin, Hsp47, Chop, Bax, Bak1 and Arginase-1. For 

the statistical analysis of Nanostring data, nSolver Analysis Software v. 1.1 

(Nanostring Technologies) was used to normalize the raw gene expression data to 

the positive controls and six reference genes, Actb, B2m, Hprt1, Ipo8, Pgk1, Ppia 

and Ubc, and data are expressed as fold change relative to the specified control. 

Two-way ANOVA was conducted using GraphPad Prism v. 5.0 (GraphPad 

Software Inc.). Unsupervised hierarchical clustering was performed with 

Multiexperiment Viewer v. 4.9. using Euclidian distance with average linkage 

clustering. 

 

+B: Immunohistochemistry 

 

The left lung was inflated and fixed by intratracheal instillation of 10% neutral-

buffered formalin at a constant pressure of 30 cmH2O for 3–5 min. The whole left 

lung was then placed in 10% formalin-filled Falcon tubes and after 48–72 h each 

left lung was cut and placed into histology cassettes. All tissue-containing cassettes 

were stored in 70% ethanol and were then sent to McMaster’s in-house Histology 

Core Facility to be processed and embedded in paraffin wax; 5 µm sections were 

cut and washed multiple times with xylene to remove the wax. The sections were 

treated with ethanol and hydrogen peroxide. Sections were stained with 

haematoxylin and eosin (H&E) for cellular/tissue architectural analysis, PicroSirius 

red (PSR) and Masson’s trichrome for collagen analysis and anti-αSMA (Dako, 

Mississauga, ON, Canada, cat. no. M0851) for the identification of αSMA-positive 

myofibroblasts. Lung paraffin-embedded tissues were also stained with anti-F4/80 

(AbD Serotec, cat. no. MCA497) for the identification of lung murine macrophages 

as well as anti-GRP78 (N-20), anti-GADD 153 (F-168) (Santa Cruz Biotechnology, 

cat. no. sc575), anti-iNOS (Abcam, cat. no. ab15323), anti-mannose receptor 1 
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(Abcam, cat. no. ab64693), anti-arginase-1 (BD Biosciences, cat. no. 610708), anti-

CD3 (SP7) (Abcam, cat. no. ab16667), anti-Phospho-Smad2 (Cell Signaling, cat. 

no. 3101) and anti-Ki67 (Abcam, cat. no. ab16667). For IHC that involved mouse 

primary antibodies on mouse tissues, we used the Dako ARK
TM

 (Animal Research 

Kit) Peroxidase (cat. no. K3954). As for tissues that contain endogenous biotin 

(such as liver and kidney), an avidin/biotin block (Vector Laboratories, cat. no. 

SP2001) was performed prior to immunostaining mouse lung tissues. Diluent and 

IgG negative controls as well as tissue controls were employed to ensure accuracy 

of the staining protocol and optimal antibody concentrations. 

 

+B: Image analysis and quantification of Arginase-1- and CD3-positive cells 

 

Slides were stained for Arginase-1 and CD3 as described above. Images were 

subsequently digitalized using an Olympus VS120-L100-W slide scanner at a 

resolution of ×400. VSI Desktop Software (Olympus Soft Imaging Solution GmbH) 

was used to measure the area of each individual lung and to export each whole lung 

as a .tiff file at ×10 resolution. Subsequent image analysis was performed using 

ImageJ v. 1.49 (National Institutes of Health, Bethesda, MD, USA) bundled with a 

Java 1.8.0_60 engine. After background subtraction, the threshold was adjusted 

using the B&W filter. This threshold was selected based on the stain and how the 

threshold value compared to a manual cell count. Next, the particles (stained cells) 

were analysed with a particle size threshold of 35
2
 pixels and a circularity of 0.0–

infinity. Outlines of counted cells were superimposed onto the original image to 

ensure accurate counting methodology. Total cell count was divided by the lung 

area in order to describe positively stained cells/mm
2
. A macro was created to 

ensure consistency across groups. Arginase 1-positive cells were also initially 

quantified manually by counting the number of positive cells. The process was 
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subsequently performed using the automated digital protocol mentioned above. 

Consistent results were obtained using the two methods. 

 

+B: Immunofluorescence staining and quantification 

 

Immunostaining of antibodies including MAC3, GRP78, E-Cadherin, αSMA and 

cleaved Caspase-3 was performed on formalin-fixed lung tissue sections. Briefly, 

following deparaffinization and antigen retrieval with citric acid buffer, tissues 

were blocked with normal donkey serum and then then incubated with the primary 

antibodies, anti-MAC3 (BD Biosciences, cat. no. 553322), anti-GRP78, anti-E-

Cadherin (Santa Cruz Biotechnology, cat. nos sc59778 and sc31020), anti-αSMA 

(Abcam, cat. no. ab7817) or anti-cleaved-caspase-3 for 1 h. All primary antibodies 

were used at 1:50 dilution. Secondary antibodies for the respective primary 

antibodies were then applied for 30 min before imaging (donkey anti-rat Alexa 488; 

Abcam, cat. no. Ab150155) to stain for MAC-3 and E-Cad, donkey anti-mouse 

Alexa 488 for αSMA (Abcam, cat. no. Ab150105) and donkey anti-goat Alexa 594 

(Abcam, cat. no. Ab150129) to stain for GRP78 and cleaved caspase-3). All 

secondary antibodies were applied at 1:500 dilutions. Slides were mounted in 

Prolong-gold with DAPI. Pictures were taken with an epifluorescence microscope 

(Olympus) with the same setting and exposure time for all pictures. The analyses of 

MAC3/cleaved caspase-3, E-Cad/cleaved caspase-3 and αSMA/cleaved caspase-3 

dual stains were performed using the plugin (JACoP) for ImageJ. Picture threshold 

and co-localization measurements used for the analyses were identical for all 

images and were performed on non-modified images. Analyses show the proportion 

of green pixels (E-Cad/MAC3) colocalizing with red pixels (cleaved caspase-3) 

and/or the percentage of αSMA/cleaved caspase-3-positive cells. For presentation 

purposes, image quality has been improved in the same way (brightness only). 

 

+B: Quantification of immunohistochemical αSMA staining 
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Images from αSMA-stained slides were captured on a microscope (Leica DM R, 

Leica Imaging Systems, Cambridge, UK) equipped with Openlab software v. 5.5.0 

(Perkin-Elmer, MA, USA). Twenty to thirty randomly taken pictures from two 

transverse lung sections was captured using a ×10 objective. The quantification of 

αSMA stain was digitally performed using ImageJ software v.1, 46r (National 

Institutes of Health, USA; http://rsb.info.nih.gov/ij/). All images were threshold-

adjusted into a black/white background, where total and stained areas were 

differentiated. The total area of each image was initially calculated by measuring 

aggregates of cells and tissues with the exclusion of empty space, including 

airways. The area that was positive for the stain was calculated by adjusting the hue 

of the image until the stained areas were the only highlighted areas. In order to 

address imager intergroup bias, a macro was created to execute the preselected 

parameters and calculate the percentage of the tissue area that was positive for the 

stain. Each of the 20–30 calculated sets of percentage tissue area stain was 

compiled and an average was established in order to represent each sample. 

 

+B: Quantification of immunohistochemical Ki67 and F4/80 staining 

 

Ki67 staining was quantified using the ImageJ ImmunoRatio plugin (available at: 

http:\\imtmicroscope.uta.fi/immunoratio/). This software expresses the area of 

Ki67-positive nuclei as a percentage of the total nuclear area present in each image. 

The colour thresholds for the nuclear stains were adjusted so that only nuclei were 

analysed and a blank field correction image was used to standardize brightness 

between images, as described previously [71]. F4/80-stained sections were 

processed using the cell count tool in ImageJ software and expressed as F4/80-

positive cells/mm
2
. 

http://rsb.info.nih.gov/ij/
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+B: Histological analysis of pulmonary fibrosis 

 

Two transverse sections were taken from random positions in the left lung, which 

had been previously stained with Masson’s trichrome; 20–30 Masson’s trichrome 

images, encompassing the whole tissue field, were acquired with OpenLab software 

(×20 Objective, Perkin-Elmer) using a Leica DM R microscope (Leica Imaging 

Systems, Cambridge, UK). A semi-quantitative assessment of the lung fibrosis was 

established using the Ashcroft grading procedure, as previously described [72]. This 

numerical scale was implemented to measure the extent of fibrotic remodelling 

events in both naïve and experimental subjects at day 21. Six scorers, who had no 

prior knowledge of the identity of the samples, graded each image using a 0–8 

range: a score of 0 represented a normal lung tissue; a score of 4 indicated that 50% 

of the field was covered with fibrotic lesions while the other half displayed normal 

lung characteristics; a score of 8 represented total fibrous obliteration of the entire 

field. The final score for each specimen was calculated as an average of all fields, 

and the mean score across the six scorers was established. Each sample grade was 

later rounded to two decimal places. 

 

+B: TUNEL assay 

 

To assess apoptosis, lung sections were stained using the protocol and reagents 

provided by the TACS 2 TdT-Fluor In Situ Apoptosis Detection Kit (Trevigen, cat. 

no. 4812-30-K). Immunohistochemistry sections were imaged using a Leica DM R 

microscope (Leica Imaging Systems) with a ×60 objective lens. TUNEL-stained 
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sections were processed using the cell count tool in ImageJ and expressed as 

TUNEL-positive cells/mm
2
. 

 

+B: Lung mononuclear cell isolation and purification for flow cytometry 

 

Following the sacrifice of wild type and Grp78
+/–

 mice 5 days after bleomycin 

administration, the lungs were isolated, cut into small pieces and digested with 150 

U collagenase type I (Gibco, Grand Island, NY, USA) in Hanks' buffer for 1 h at 

37C with agitation. The digested lungs were then crushed through a 100 µm filter 

(BD Falcon, Franklin Lakes, NJ, USA) and the lungs were treated with ACK lysis 

buffer for 2 min to remove all erythrocytes. The cells were resuspended in PBS. 

 

+B: Cell surface and viability staining for flow cytometry 

 

Immunoprofiling of innate immune cells from wild type and Grp78
+/–

 lungs was 

performed by staining for cell surface markers. Two million lung mononuclear cells 

from each mouse were pelleted and resuspended in an antibody master mix 

containing the following antibodies: CD45-APC-Cy7 (1:200), Ly6G-PE (1:200) 

from BD Biosciences (San Jose, CA, USA); F4/80-Pacific Blue (1:100) from 

eBiosciences (San Diego, CA, USA); Streptavidin–Qdot800 (1:500) from 

Invitrogen (Burlington, ON, Canada); Ly6C-Biotin (1:100) from Biolegend (San 

Diego, CA, USA). Cell viability was determined by applying 5 µl 7-AAD (BD 

Biosciences, San Jose, CA, USA) 10 min prior to the assay. Data were collected 

using LSRII and FACSDiva software (BD Biosciences) and analysed using FlowJo 

software (Treestar, Ashland, OR, USA). 
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+B: Measurements of pulmonary function 

 

Lung function was measured using a flexiVent
®
 mechanical respirator (flexiVent

®
, 

SCIREQ, Montreal, PQ, Canada). Mice were sedated via an intraperitoneal (i.p.) 

injection of xylazine (Bayer Healthcare, 10 mg/kg) and pentobarbital (30 mg/kg). 

After exposing a section of the anterior side of the neck and opening a portion of 

the trachea, an 18-gauge needle was inserted into the trachea and fitted to the 

mechanical ventilator controlled by the SCIREQ software (v. 5.1). The mice were 

paralysed by administration of pancuronium bromide (20 mg/kg i.p.). Baseline 

conditions for each animal were attained by starting with total lung capacity (TLC) 

to hyperinflate the lung. A script was then run by the program and lung 

perturbations (prime-8, snapshot-150, PVs-V and PVr-P) were measured in the 

anaesthetized animals. All mice were ventilated to a volume of 10 ml/kg/breath. 

Quasi-static elastance and curvature of the deflating PV loop were derived from the 

PVrP perturbations. All measurements were repeated twice. 

 

+B: Hydroxyproline assay 

 

Hydroxyproline concentrations were measured by a colorimetric assay, as described 

previously [72]. Briefly, after sacrifice, the right four lobes of the lung were 

removed, snap-frozen and stored at –80°C. As described above in the 

homogenization protocol, the right four lobes were turned into a finely ground 

powder and immediately homogenized in RIPA buffer. The total pellet formed from 

the centrifugation of the RIPA-homogenized lung tissues was resuspended in PBS 

and allowed to freeze at –80°C. The pellet was subsequently lyophilized for at least 
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24 h using a freezer-dryer apparatus (Modulyod Freezer Dryer, Thermo Electron 

Corp.). Following the addition of 10% TCA solution and subsequent centrifugation, 

5 ml 6 M HCL was added to each tube for pellet hydrolysis at 110°C in dry bath 

incubator. The samples were later brought to pH 7 by the addition of NaOH and 

were incubated for 20 min after the addition of 0.05 M Chloramine T reagent. 

Chloramine T reagent was destroyed by adding 70% perchloric acid and the 

samples were ultimately incubated for 20 min in a 55–65°C water bath shortly after 

adding Ehrlich’s reagent solution. The final reaction absorbance was read at 550 nm 

and sample concentrations were determined from the hydroxyproline standard 

curve. Hydroxyproline concentrations were finally calculated and expressed as μg 

hydroxyproline/ml solution. 

 

+B: Sircol collagen assay 

 

The supernatant from the RIPA-homogenized lung tissues, free from cell debris and 

insoluble ECM fragments, was used to assess Sircol soluble collagen, according to 

the manufacturer’s instructions (Sircol
TM

 Soluble Collagen Assay, Biocolor, 

Carrickfergus, UK). Absorbance readings were measured at 550 nm and test sample 

collagen concentrations were determined from the standard curve’s collagen 

concentrations. Results were expressed as µg soluble collagen/ml solution. 

 

+B: Statistical analysis 

 

Results were expressed as mean ± SE. When two groups were compared, a 

normality test was performed before the appropriate two-tailed parametric or non-

parametric t-test was performed. When more than two groups and/or conditions 
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were compared, two-way analysis of variance (ANOVA) followed by Newman–

Keuls multiple comparison test was used. All statistical tests were performed using 

GraphPad Prism v. 5.0d (GraphPad Software Inc.); p < 0.05 was considered 

statistically significant. 
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Supplementary Figure Legends: 

Figure S1. GRP78 level is reduced in naïve Grp78
+/- 

lungs and in bleomycin exposed 

Grp78
+/- 

lungs 21 days post-bleomycin administration. Both wild type and Grp78
+/- 

mice were exposed to bleomycin (0.04U/mouse) and sacrificed after 7 and 21 d. (A) 40 

µg of protein homogenate from both wild type and Grp78
+/- 

lungs were immunoblotted 

against β-actin and the UPR marker GRP78. (B) Blots were quantified by densitometry 

using ImageJ. (C) Representative GRP78 images of wild type and Grp78
+/- 

lungs from 

both saline and bleomycin-exposed mice at day 21. The actin bands panel is the same 

used in Figure 4B. Data are presented as mean ± SEM, n = 5 mice per group. *:P<0.05; 

**:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001, * represent a difference 

between bleomycin-exposed groups and their littermate saline controls, and # represent a 

difference between genotypes. Significance was established using GraphPad, Prism 5.0 

with two-way ANOVA using Newman-Keuls Multiple Comparison test. 

 

Figure S2. Grp78
+/- 

mice displays comparable amount of neutrophilia in the lung and 

have an enhanced IL-6 response following bleomycin administration. Mice were 

given bleomycin (0.04 U/mouse) intra-tracheally at day 0 and animals were sacrificed 

after 7 and 21 d. (A) Total cell number and (B) differential neutrophil count are shown. 

(C) BALF total TGF-β1 and (D) IL-6 protein level as assessed 7 days post-bleomycin 

administration. Both BALF TGF-β1 and IL-6 were below the level of detection 21 days 

post-bleomycin administration (data not shown). Data are presented as mean ± SEM, 
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n=5-8 mice per group, * p<0.05; ** p<0.01; *** p<0.001; # p<0.05; ## p<0.01; ### 

p<0.001, * represent a difference between bleomycin-exposed groups and their littermate 

saline controls, # represent a difference between genotypes. Significance was established 

using GraphPad, Prism 5.0 with two-way ANOVA using Newman-Keuls Multiple 

Comparison test. 

 

Figure S3. Immunohistochemical staining of phospho-Smad2 in the lungs of saline-

exposed wild type and Grp78
+/-

 mice. Following intra-tracheal intubation of saline, mice 

were sacrificed and immunohistochemical staining of phosph-smad2 was performed on 

formalin-fixed tissues. Representative images of whole tissue sections and high 

magnification images are shown. 

 

Figure S4. Immunohistochemical staining of phospho-smad2 in the lungs of 

bleomycin-exposed wild type and Grp78
+/-

 mice. Following intra-tracheal intubation of 

bleomycin (0.04U per mouse) mice were sacrificed after 7 and 21 d, and 

immunohistochemical staining of phosph-smad2 was performed on formalin-fixed 

tissues. Representative images of whole tissue sections and high magnification images are 

shown. 
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Figure S5. Assessment of cytokine and chemokine mediators in the BALF of wild 

type and Grp78
+/-

 mice upon bleomycin administration. Following intra-tracheal 

intubation of bleomycin (0.04U per mouse) mice were sacrificed after 7 and 21 d.  A total 

of 32 different cytokines and chemokines were assessed in the BALF. Seven analytes 

were detected, including (A) MCP-1 (B) KC (C) IP-10 (D) G-CSF (E) LIF (F) IL-5 (G) 

Eotaxin and (H) IL-6. Data is presented as mean ± SEM, n=4-6 mice per group, * p<0.05; 

** p<0.01; *** p<0.001; # p<0.05; ## p<0.01; ### p<0.001, * represent a difference 

between Grp78
+/-

 and their littermate saline controls, # represent a difference between 

genotypes. Significance was established using GraphPad, Prism 5.0 with two-way 

ANOVA using Newman-Keuls Multiple Comparison test. 

 

Figure S6. Assessment of cytokine and chemokine mediators in the BALF of wild 

type and Chop
-/-

 mice upon bleomycin administration. Following intra-tracheal 

intubation of bleomycin (0.04U per mouse) mice were sacrificed after 7 and 21 d.  A total 

of 32 different cytokines and chemokines were assessed in the BALF. Seven analytes 

were detected, including (A) MCP-1 (B) KC (C) IP-10 (D) G-CSF (E) LIF (F) IL-5 and 

(G) Eotaxin (H) IL-6. Data is presented as mean ± SEM, n=4-6 mice per group, * p<0.05; 

** p<0.01; *** p<0.001; # p<0.05; ## p<0.01; ### p<0.001, * represent a difference 

between Chop
-/-

 mice and their corresponding saline controls, # represent a difference 

between genotypes. Significance was established using GraphPad, Prism 5.0 with two-

way ANOVA using Newman-Keuls Multiple Comparison test. 
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Figure S7. Characterization of the M2 macrophage marker, mannose receptor 1, 

and the M1 macrophage marker, iNOS2 in wild type and Grp78
+/-

 lungs upon 

bleomycin administration. Following intra-tracheal intubation of saline and bleomycin 

(0.04U per mouse) mice were sacrificed after 7 and 21 d and MR1/iNOS2 

immunohistochemical staining was performed on formalin-fixed tissues. Representative 

images showing (A) MR1 and (B) iNOS2 staining in both saline- and bleomycin-exposed 

lungs.  

 

Figure S8. Grp78 haploinsufficiency upregulates arginase and UPR activity in bone-

marrow derived macrophages. (A) Bone-marrow derived macrophages from Grp78
+/- 

and wild type littermate mice were derived and exposed to the M2 differentiation cocktail 

IL-4/IL-13 for 24 h and assessed for total arginase activity. (B-C) UPR activation as 

transcriptionally measured by spliced Xbp-1 and Grp78 in mouse WT and Grp78
+/-

 

BMDMs at baseline and following 6 h of treatment with IL-4/IL-13. Data is presented as 

mean ± SEM, n=4 per group, * p<0.05; ** p<0.01; *** p<0.001; # p<0.05; ## p<0.01; 

### p<0.001, * represent a difference between wild type or Grp78
+/-

 BMDMs and their 

corresponding controls, # represent a difference between genotypes. Significance was 

established using GraphPad, Prism 5.0 with two-way ANOVA using Newman-Keuls 

Multiple Comparison test.  
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Figure S9. Recruitment of macrophages is not altered in lungs of Grp78
+/- 

mice in 

response to LPS or bleomycin. (A) Total cell, (B) macrophage number and (C) secreted 

IL-1 in the BALF of wild type and Grp78
+/- 

 mice exposed to saline and LPS for 42 h. 

Data is presented as mean ± SEM, n=4-5 per group, * p<0.05; ** p<0.01; *** p<0.001; # 

p<0.05; ## p<0.01; ### p<0.001, * represent a difference between wild type or Grp78
+/-

 

mice and their corresponding controls, # represent a difference between genotypes. 

Significance was established using GraphPad, Prism 5.0 with two-way ANOVA using 

Newman-Keuls Multiple Comparison test. 

 

Figure S10. GRP78 haploinsufficiency does not influence cellular proliferation in 

response to bleomycin. Both wild type and Grp78
+/- 

mice were exposed to saline and 

bleomycin (0.04U/mouse) and sacrificed after 7 and 21 d. Cell proliferation was assessed 

by immunohistochemical staining of the proliferation marker, Ki67. (A) Representative 

images from Ki67 stained wild type and Grp78
+/- 

mice exposed to bleomycin at day 7 and 

21. (B) A proliferation index (% Ki67
+
 cells) was created based on Ki67 positive nuclei. 

Data represents mean ± SEM, n=4-5 in each group, *:P<0.05; **:P<0.01; ***:P<0.001; 

#:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference between bleomycin-exposed 

groups and vehicle (saline); # represents a difference between genotypes. Significance 

was established using GraphPad, Prism 5.0 with two-way ANOVA using Newman-Keuls 

Multiple Comparison test. 
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Figure S11. Assessment of CD3 positive cells in the lungs of wild type, Grp78
+/-

 and 

Chop
-/-

 mice following bleomycin administration. Following intratracheal intubation of 

bleomycin (0.04U per mouse) mice were sacrificed after 7 and 21 d. CD3 staining was 

performed on formalin-fixed tissues. (A) Quantification of CD3 positive cells per mm
2
 

area in wild type and Grp78
+/-

, (B) representative images of wild type and Grp78
+/-

 lungs 

at day 21, (C) quantification of CD3 positive cells per mm
2
 area in wild type and Chop

-/-
 

mice, (D) representative images of wild type and Chop
-/-

 lungs at day 21. Quantification 

was performed on whole tissue sections. Black arrowheads on the representative images 

are pointing towards some of the CD3 positive cells. Data represents mean ± SEM, n=5-8 

in each group, *:P<0.05; **:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * 

represent a difference between bleomycin-exposed groups and vehicle (saline); # 

represents a difference between genotypes. Significance was established using GraphPad, 

Prism 5.0 with two-way ANOVA using Newman-Keuls Multiple Comparison test. 

 

Figure S12. NanoString® gene expression profiling of lungs of Grp78
+/- 

mice exposed 

to bleomycin. RNA was isolated from from frozen wild type C57BL6/J and Grp78
+/- 

murine lungs at 7 and 21 d post bleomycin administration. NanoString nCounter 

technology was used to measure the levels of fibrotic, inflammatory and UPR  mRNAs in 

mouse specimens. A Heatmap was then generated based on the normalized gene 

expression counts and expressed as fold-change relative to control (saline-exposed) 

samples. Hierarchical clustering analysis using Euclidean distance and average linkage 

was performed. Heatmaps were generated using Multi-experiment viewer 4.9 and 
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significance was established based on Welch’s t-test (for human specimens; p<0.05) and 

one-way ANOVA (for mouse specimens; p<0.05). Only significant genes are shown. A 

complete list of genes investigated is listed in Table 1. 

 

Figure S13. Panels showing images from saline-exposed lungs co-stained with 

MAC3/Cleaved caspase-3 and E-Cadherin/Cleaved caspase-3. Sections from saline-

exposed wild type, Grp78
+/-

, Chop
-/-

 lungs were fixed in formalin. Dual 

immunofluorescence staining was later performed on these lungs. (A) Representative 

images of MAC3 and cleaved caspase-3 in saline-exposed wild type and Grp78
+/-

 lung 

tissues. (B) Representative images of E-Cadherin and cleaved caspase-3 in saline-exposed 

wild type and Grp78
+/-

 lung tissues. (C) Representative images of MAC3 and cleaved 

caspase-3 in saline-exposed wild type and Chop
-/-

 lung tissues. Panel (A) and (B) 

represents the corresponding saline control images for Figure 4F-I in the original 

manuscript. (C) Represents the corresponding saline control images for Figure 5F-H. 

 

Figure S14. In situ hybridization of F4/80 and Chop mRNA in saline exposed wild 

type and Grp78
+/-

 lungs. Representative ISH images showing F4/80 (green) and Chop 

(red) signals mounted with DAPI (blue). The images from this figure represent the 

corresponding saline control images for Figure 3I (Scale bar = 100µm).  
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Figure S15. Immunoprofiling and assessment of lung macrophage death in wild type 

and Grp78
+/-

 mice exposed to bleomycin. Following intra-tracheal intubation of 

bleomycin (0.04U per mouse) mice were sacrificed after 5 days and lungs were isolated 

and subjected for mononuclear cell isolation and purification. Immunoprofiling of innate 

immune cells was then established by flow cytometry through multiple antibody staining 

(CD45, Ly6c, Ly6G and F4/80). The viable vs. non-viable cell population was 

differentiated by performing 7-AAD staining. Flow cytometry plots were analysed by 

flowJo, the bar graph indicates CD45
+
, Ly6G

-
, Ly6G

-
, F4/80

+
 and 7-AAD

+
 cells. Data 

represents mean ± SEM, n=4-5 animals in each group, *:P<0.05 where * represent a 

difference between the indicated groups. Significance was established using GraphPad, 

Prism 5.0 with unpaired t-test. 

 

Figure S16. NanoString transcript counts demonstrating relative abundance of 

selected apoptotic and pro-fibrotic related genes in freshly adhered wild type and 

Grp78
+/-

 alveolar macrophages (AMs) upon bleomycin administration. Following the 

intra-tracheal intubation of wild type and Grp78
+/-

 mice with saline and bleomycin 

(0.04U/mouse) mice were sacrificed at day 3 and 7 and bronchoalveolar lavage fluid 

(BALF) was performed on the whole lung. The viable cells were isolated by allowing 

BALF immune infiltrates to adhere for 40 minutes and then subsequently subjected for 

RNA isolation and analysis. The relative mRNA counts of (A) Chop (B) Bax (C) Bak1 

(D) Grp78 (E) Arginase-1 and (F) Fn1 are shown. Nanostring gene counts were 

normalized to multiple reference housekeeping genes (Actb, B2m, Hprt1, Ipo8, Pgk1, 
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Ppia and Ubc) and are here expressed as fold-change relative to the counts from saline-

exposed AMs. Data represent mean ± SEM, n=3 in each group, * P<0.05; ** P<0.01; *** 

P<0.001; # P<0.05; ## P<0.01; ### P<0.001; * represent a difference between 

bleomycin-exposed groups and saline; # represents a difference between genotypes. 

Significance was established using GraphPad, Prism 5.0 with two-way ANOVA using 

Newman-Keuls Multiple Comparison test. 

Figure S17. Characterization of αSMA/cleaved caspase-3 positive cells in the lungs 

of wild type and Grp78
+/-

 mice upon bleomycin administration. Following intra-

tracheal intubation of bleomycin (0.04U per mouse) mice were sacrificed after 7 and 21 d. 

Dual immunofluorescent staining was performed on formalin-fixed lung tissues in order 

to examine the percentage of αSMA
+
/cleaved caspase-3

+
 cells, indicating the presence of 

apoptotic myofibroblasts. (A) Representative lung IF images showing αSMA (green 

pixels), cleaved caspase-3 (red pixels), DAPI (blue pixels) and merged images from 

control (saline-exposed lungs) and bleomycin-exposed lungs (Day 7 and Day 21). (B) Bar 

graph showing quantification of the percentage of αSMA/cleaved caspase-3 positive cells. 

Quantification was performed from multiple images covering lung tissue sections. Data 

represents mean ± SEM, n=4 in each group, * P<0.05; ** P<0.01; *** P<0.001; # 

P<0.05; ## P<0.01; ### P<0.001; * represent a difference between bleomycin-exposed 

groups and vehicle (saline); # represents a difference between genotypes. Significance 

was established using GraphPad, Prism 5.0 with two-way ANOVA using Newman-Keuls 

Multiple Comparison test. 
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Figure S18. Characterization of αSMA/cleaved caspase-3 positive cells in the lungs 

of wild type and Chop
-/-

 mice upon bleomycin administration. Following intra-tracheal 

intubation of bleomycin (0.04U per mouse) mice were sacrificed after 7 and 21 d. Dual 

immunofluorescence staining was performed on formalin-fixed lung tissues in order to 

examine the percentage of αSMA
+
/cleaved caspase-3

+
 cells, indicating the presence of 

apoptotic myofibroblasts. (A) Representative lung IF images showing αSMA (green 

pixels), cleaved caspase-3 (red pixels), DAPI (blue pixels) and merged images from 

control (saline-exposed lungs) and bleomycin-exposed lungs (Day 7 and Day 21). (B) Bar 

graph showing quantification of αSMA/cleaved caspase-3 positive cells. Quantification 

was performed from multiple images covering lung tissue sections. Data represents mean 

± SEM, n=4 in each group, * P<0.05; ** P<0.01; *** P<0.001; # P<0.05; ## P<0.01; ### 

P<0.001; * represent a difference between bleomycin-exposed groups and vehicle 

(saline); # represents a difference between genotypes. Significance was established using 

GraphPad, Prism 5.0 with two-way ANOVA using Newman-Keuls Multiple Comparison 

test. 

 

Figure S19. High and low magnification images of Masson’s trichrome stained lung 

sections of wild type and Chop
-/-

 mice upon bleomycin administration. Following 

intra-tracheal intubation of bleomycin (0.04U per mouse) mice were sacrificed after 21 d. 

Masson’s trichrome staining was performed on formalin-fixed lung tissues. 

Representative images showing whole tissue sections and high magnification images are 

shown.  
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Figure S20. Panels showing images from saline-exposed lungs stained with Masson’s 

trichrome, F4/80 and arginase-1. Sections from saline-exposed wild type and Chop
-/-

 

lungs that were fixed in formalin. Representative images shows Masson’s trichrome-

stained lung tissues and immunohistochemical staining of F4/80 and arginase-1. The 

images from this figure represent the corresponding saline control images for Figure 5C-

E.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

105 
 

Table S1. Gene symbols and reference sequence details 

HUGO Gene Accession 2 

Actb NM_007393.3 

B2m NM_009735.3 

Gapdh NM_001001303.1 

Gusb NM_010368.1 

Hprt NM_013556.2 

Ipo8 NM_001081113.1 

Pgk1 NM_008828.2 

Polr2a NM_009089.2 

Ppia NM_008907.1 

Rplp2 NM_026020.6 

Tbp NM_013684.3 

Tuba1a NM_011653.2 

Ubc NM_019639.4 

Ywhaz NM_011740.2 

Xbp1 NM_013842.2 

Atf6 NM_001081304.1 

Ddit3 NM_007837.3 

Hspa5 NM_022310.2 

Canx NM_007597.3 

Calr NM_007591.3 

P4hb NM_011032.2 
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Edem1 NM_138677.2 

Fkbp2 NM_008020.3 

Taok3 NM_001081308.2 

Map3k5 NM_008580.4 

Atf4 NM_009716.2 

C1qc NM_007574.2 

Tnf NM_013693.1 

Nfkb1 NM_008689.2 

Il6 NM_031168.1 

Osm NM_001013365.2 

Ccl12 NM_011331.2 

Cxcl3 NM_203320.2 

Il1b NM_008361.3 

Il1a NM_010554.4 

Il10 NM_010548.1 

Tgfb1 NM_011577.1 

Acta2 NM_007392.2 

Fn1 NM_010233.1 

Col1a1 NM_007742.3 

Col3a1 NM_009930.1 

Serpinh1 NM_009825.2 

Hspb1 NM_013560.2 

Fkbp10 NM_010221.2 
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Loxl2 NM_033325.2 

Cxcl10 NM_021274.1 

Cd44 NM_009851.2 

Jun NM_010591.2 

Il2 NM_008366.2 

Il4 NM_021283.1 

Ifng NM_008337.1 

Csf2 NM_009969.4 

Tlr4 NM_021297.2 

Tlr2 NM_011905.2 

Il17a NM_010552.3 

Cd4 NM_013488.2 

Cd8a NM_001081110.2 

Il2ra NM_008367.2 

Foxp3 NM_054039.1 

Cxcr3 NM_009910.2 

Ccr5 NM_009917.5 

Cxcr6 NM_030712.4 

Ccr3 NM_009914.4 

Ccr4 NM_009916.2 

Ccr8 NM_007720.2 

Ccl20 NM_016960.1 

Itgae NM_008399.2 
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Figure S1 
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Figure S2 
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Figure S3 
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Figure S4 
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Figure S5 
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Figure S6 

 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

114 
 

Figure S7 
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Figure S8 
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Figure S9 
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Figure S10 
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Figure S11 
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Figure S12 
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Figure S13 
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Figure S14 
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Figure S15 
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Figure S16 

 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

124 
 

Figure S17 
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Figure S18 
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Figure S19 
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Figure S20 
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Chapter 3 

IL-6 mediates ER expansion and hyperpolarization of alternatively 

activated macrophages 

Summary and Significance 

Alternatively activated (M2) macrophages are known to accumulate in the tissues and 

drive the progression of many fibrotic diseases and various cancers. While IL-4 and IL-13 

are the primary Th2 cytokines leading to M2 macrophage programming, it has been 

recently demonstrated that IL-6 can act synergistically with IL-4, thereby potentiating the 

M2 macrophage phenotype. The involvement of IL-6 provides a compelling model by 

which to study possible M2 polarization mechanisms and functional pro-fibrotic effects. 

In B cell biology, IL-4 has been known as a key promoter of B cell differentiation into 

plasma cell. During this differentiation process, IL-4 augments ER expansion through one 

of key arms of the UPR called IRE1-XBP1. The enlarged ER is thought to be needed to 

accommodate the presence of antibodies. While antibody production is not a function of 

M2 macrophages, their stimulation with IL-4 facilitates their remodelling capacity 

through the production of anti-inflammatory/pro-fibrotic mediators (which likely 

necessitates an enlarged ER, similar to B cells/plasma cells). Thus, here we have explored 

the ER expansion mechanism in IL-4/IL-13/IL-6-stimulated macrophages and provided 

experimental evidence that both IL-6 and the IRE1-XBP1 arm of the UPR are involved in 

the generation of a hyper-pro-fibrotic macrophage phenotype. We showed that IL-6 

promoted macrophage alternative programming, spliced XBP1 induction, and expansion 

of the ER and mitochondrial membranes. By pharmacologically inhibiting XBP1 splicing 

by STF-083010, the hyper M2 macrophage phenotype was abrogated (as assessed by 
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arginase activity, RT-PCR, flow cytometry analysis of arg1 and CD206, and NanoString 

gene expression). Interestingly, the addition of IL-6 to IL-4/IL-13 augmented pro-fibrotic 

gene signature in macrophages; when these macrophages were co-cultured with 

fibroblasts, fibroblast-to-myofibroblast differentiation occurred (as assessed by αSMA 

staining). These findings implicate IL-6 and XBP1/ER expansion program in the 

polarization of M2 macrophages and identifies their novel functional pro-fibrotic role. 

Based on these results, it is possible that UPR-mediated ER expansion may be a viable 

therapeutic target during pathological wound repair processes. 
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ABSTRACT  

Although recent evidence has shown that IL-6 is involved in enhanced alternative 

activation of macrophages toward a pro-fibrotic phenotype, the mechanisms leading to 

the increased secretory capacity is not fully understood. Here, we investigated the effect 

of IL-6 on endoplasmic reticulum (ER) expansion and alternative activation of 

macrophages in vitro. IL-4/IL-13 and IL-4/IL-13/IL-6 -mediated alternative programming 

of murine bone marrow derived macrophages and human THP1 macrophages was 

assessed by arginase activity in cell lysates and by CD206 and arginase-1 expression by 

flow cytometry. Ultrastructural intracellular morphology and ER biogenesis was 

examined by transmission electron microscopy. Secreted cytokine and chemokine 

secretion was examined by multiplex assay and gene transcription profile of 128 genes by 

nanoString. CCL18 was used to assess human macrophage alternative activation. 

Pharmacological inhibition of the IRE1-XBP1 arm was achieved using STF-083010 and 

was verified by RT-PCR. The addition of IL-6 to the conventional alternative 

programming cocktail IL-4/IL-13 resulted in increased ER expansion and pro-fibrotic 

profiles. IRE1-XBP1 inhibition substantially reduced the IL-6-mediated 

hyperpolarization. In conclusion, the addition of IL-6 enhances ER expansion and the 

pro-fibrotic capacity of IL-4/IL-13-mediated activation of macrophages. Therapeutic 

strategies targeting IL-6 or the IRE1-XBP1 axis may be beneficial to prevent the pro-

fibrotic capacity of macrophages.  

 

Key words: macrophage polarization, ER Expansion  
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INTRODUCTION 

Since the discovery of macrophages by Metchnikov over 100 years ago, the overall 

understanding of the various roles they have on host defense, wound healing or as 

structural cells are not well understood. Macrophages are found in virtually all tissues, 

either derived from the yolk sac or from the bone marrow. Depending on their 

localization and activation status, they may act as silent surveillance cells and in response 

to danger signals they can differentiate into cytokine-producing factories that participate 

in immune functions and wound healing. Based on in vitro studies, their capacity of 

polarization was mimicked by T-cell biology and the well-defined Th1 and Th2 

phenotype, where the stimulation by INFg/LPS was shown to promote an immune 

phenotype (named classical or “M1” polarized) as opposed to macrophages exposed to 

the Th2-cocktail (IL-4/IL-13) promoting a wound-healing phenotype (named alternative 

activation or “M2” polarized macrophages) 
1,2

. The identification of biological markers 

selectively expressed on in vitro polarized “M1” or “M2” macrophages, has been helpful 

in identifying macrophages in vivo that share phenotypic in vitro-established markers. 

This has allowed scientists to label activated macrophages found in animal tissues either 

“M1- or M2-like” as the initial triggers, exposure time and specific in vivo context is 

different from the standard in vitro assays that led to their initial nomenclature. Recently, 

the addition of the pro-inflammatory cytokine IL-6 was shown to enhance the M2-like 

macrophage in vitro phenotype, through the induction of IL-4-receptor expression 

enhancing the response to IL-4
3
. The differentiation of various cell types is thought to 

involve the IRE1/XBP-1 arm of the unfolded protein response, and this is thought to 
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include monocyte to macrophage transition
4
, eosinophil maturation

5
 and B-cell to plasma 

cell differentiation
6
. Plasma cell differentiation process was dependent on IL-6 mediated 

activation of the IRE1 pathway and expansion of the endoplasmic reticulum (ER), 

required for antibody generation
6
. The highly conserved IRE1 kinase activity performs 

the intracellular splicing of X box binding protein 1 (XBP-1) mRNA, critical in 

determining cell fate in response to ER stress in plasma cells
6
, dendritic cells

7
 and 

eosinophils
5
. Thus, ER expansion may be IRE1-XBP1 dependent pathway that is 

conserved in the transformation and activation of specific cell types such as the wound-

healing macrophage. The availability of IRE1 inhibitors would potentially prevent ER-

expansion and activation in these systems. Here we hypothesized that the addition of IL-6 

to macrophages exposed to the in vitro M2 activation cocktail IL-4 and IL-13 would lead 

to increased IL-4 receptor expression and IRE1 activation, leading to abundant 

macrophage ER expansion, associated with increased secretory capacity that could be 

prevented by the specific IRE1 inhibitors. Collectively, our data suggested that alternative 

macrophage polarization (achieved with IL-4/IL-13 stimulation) supplemented the 

addition of IL-6 results in a much-enhanced ER expansion associated with a dramatic 

increase in ER stress-associated gene expression and cytokine secretion. Furthermore, 

inhibition of the IRE1 pathway prevented ER expansion and suppressed the M2 

macrophage phenotype observed in vitro. Combined, the data presented suggests that 

therapeutic targeting of the IRE1 pathway or IL-6 signalling may prevent the pro-fibrotic 

activity of M2-like macrophages in vivo.  
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RESULTS. 

IL-6 mediates IL-4/IL-13 induced alternative programming and IRE1-XBP1 

activation of macrophages. To address the hypothesis that IL-6 addition to the standard 

alternative polarization cocktail IL-4/IL-13 mediates enhanced polarization and increased 

IRE1-XBP1 activation, we developed a 96-well assay wherein BMDMs were seeded and 

exposed to the different treatments and later assessed for arginase activity, arginase 

protein expression or spliced XBP1 gene expression in the cell lysates. The conventional 

cytokine cocktail IL-4/IL-13 or IL-4/IL-13/IL-6 were administered to M-CSF exposed 

BMDM’s and assessed at 2, 4, 7, 15, 24 and 30 hours. While the standard IL-4/IL-13 

polarization cocktail alone resulted in a 2.9-fold increase of arginase activity at 30 hours 

(from 1.8 ± 0.36 mM urea per well at 2 hours to 5.2 ± 4.85 at 30 hours), the addition of 

IL-6 resulted in a 4.6-fold increase at 24 hours and a 12.0-fold increase at 30 hours (from 

1.5 ± 0.11 mM urea per well at 2 hours to 17.6 ± 4 at 30 hours) (Figure 1A). Control 

macrophages or IL-6 stimulated macrophages demonstrated no increase in arginase 

activity at any of the indicated time points (data not shown). The increased arginase 

activity was associated with increased arginase-1 protein expression by western blotting 

(Figure 1B). When co-cultured with murine fibroblasts, IL-4/IL-13/IL-6 exposed 

macrophages and not their conditioned growth medium, led to fibroblast-to-myofibroblast 

differentiation as shown by increased αSMA positivity (Supplementary figure 1). We 

next assessed the activation of the IRE1-XBP1 axis by RT-PCR in BMDMs exposed to 

the IL-4/IL-13 or the IL-4/IL-13/IL-6-polarizing cocktails. Here, spliced XBP1 was 

modestly increased at 4 hours (2-fold), and maintained at the later time-points 
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investigated (Figure 1C). The addition of IL-6 led to increased levels of spliced XBP1 

that reached a 3.5-fold increase at 30 hours (Figure 1C). This data suggests that the 

addition of IL-6 leads to increased polarization and activation of the IRE1-XBP1 

pathway. As the IRE1-XBP1 pathway have been shown to be required to induce ER 

membrane biogenesis programs in various cell types activated towards a secretory 

phenotype
5,8,9

, we investigated next if the addition of IL-6 influenced ER expansion in 

alternatively activated macrophages. 

IL-6 enhances ER expansion in alternatively activated macrophages. Bone marrow 

derived murine macrophages were polarized as described above and examined by 

transmission electron microscopy (TEM). As expected, the addition of IL-6 to the 

standard IL-4/IL-13 cocktail led to a marked increase of both mitochondria and rough ER 

(Figure 2). The presented data in Figure 1 and 2 suggest a key role of IL-6 in enhancing 

alternatively activation of macrophages, associated with IRE1-XBP1 activation and 

increased ER expansion. Based on these observations, we then examined if 

pharmacological inhibition of the IRE1-XBP1 pathway affected IL-6-mediated 

polarization of alternatively activated macrophages. 

IRE1-XBP1 inhibition prevents IL-6-mediated alternative activation of 

macrophages. The potent IRE1 inhibitor STF-083010, known to inhibit IRE1 

endonuclease activity and mRNA splicing of XBP1 was added to the conventional IL-

4/IL-13 polarization cocktail and to IL-4/IL-13/IL-6-mediated hyperpolarizing cocktail 

described above. Arginase activity and spliced XBP1 mRNA was measured in cell lysates 

after incubation with STF-083010. Shown in Figure 3A, IL-4/IL-13 mediated 
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polarization of murine BMDM’s for 30 hours led to an increase in arginase activity, that 

was reduced by the addition of STF-083010 at a concentration of 60µM. The prevention 

of arginase activity was associated with a decrease in spliced XBP1 mRNA (Figure 3B), 

suggesting that the IRE1-XBP1 axis is involved in alternative programming of 

macrophages. As shown above, the addition of IL-6 to the standard IL-4/IL-13 

polarization cocktail resulted in a 5.4-fold increase of arginase activity (from 2.0 ± 0.88 

mM Urea per well to 10.7 ± 2.44, expressed as mean ± SEM). The addition of IRE1-

XBP1 inhibitor led to a 55% decrease of arginase activity as well as a robust inhibition of 

spliced XBP1 at 60µM STF-083010, confirming the likely involvement of the IRE1-

XBP1 pathway in IL-6-mediated hyperpolarization of macrophages. Of note, STF-

083010 administration at the concentrations shown in Figure 3 did not lead increased 

cellular toxicity as measured by the MTS 3-(4,5-dimethylthiazol-2-yl)-5-(3-

carboxymethoxyphenyl)-2-(4-sulfophenyl)-2H-tetrazolium) assay (supplementary figure 

1). To further consolidate the finding that XBP1 inhibition prevents both conventional IL-

4/IL-13-mediated alternative programming of macrophages and IL-6-mediated 

hyperpolarization, we performed flow cytometric analysis of the well-established 

alternative macrophage flow markers arginase-1 and CD206 to the different cocktails and 

treatments shown above. Arginase-1/CD206 levels were increased from less than 20% to 

52.8% after IL-4/IL-13 exposure and further increased to 73.6% when IL-6 was added 

(Figure 3C). The addition of the IRE1-XBP1 inhibitor STF-083010 prevented both IL-

4/IL-13 and IL-4/IL-13/IL-6 mediated polarizations with less than 10% Arginase-

1/CD206 positive macrophages detected (Figure 3C). These findings collectively suggest 
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that XBP1 blockade markedly inhibit both conventional IL-4/IL-13 mediated alternative 

programming as well as IL-6 mediated hyperpolarization of macrophages. To better 

understand the functional effect of IL-6-mediated hyperpolarization of alternatively 

activated macrophages and the effect of IRE1 inhibition, we next examined more broadly 

the gene expression pattern as well as the cytokine production of the different polarization 

cocktails described above.  

IRE1-XBP1 inhibition prevents IL-6-mediated gene expression and cytokine 

production of alternative activation of macrophages. Murine bone marrow-derived 

macrophages were exposed to IL-4/IL-13 and IL-4/IL-13/IL-6 and STF-083010 for 30 

hours as described above. RNA was extracted from the cell lysates and subjected for 

NanoString(R) assessment of 128 inflammatory, UPR and fibrotic related genes (please 

see supplementary table 1 for information about all genes investigated). While cell 

supernatants were analyzed using a luminex assay composed of 32 cytokines and 

chemokines. Principal component analysis and hierarchical clustering of the samples 

demonstrated a unique transcriptional signature of IL-4/IL-13/IL-6 stimulated 

macrophages compared to other treatment conditions (Figure 4A). Upon examination of 

the plots of the assessed samples as evidenced by the cluster dendrogram, the data shows 

that samples treated with STF-083010 plus the IL-4/IL-13/IL-6 cocktail cluster in a 

similar fashion to IL-4/IL-13 exposed samples, suggesting that STF-083010 might have 

normalized the transcriptional signature of IL-4/IL-13/IL-6-exposed macrophages to IL-

4/IL-13-exposed macrophages (Figure 4B). To quantitatively and qualitatively 

understand the meaning of the assessed transcriptional signature, differentially regulated 
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genes were presented as a table showing pair-wise comparisons of interest (Figure 5A) 

demonstrating the number of up-regulated and down-regulated genes within the specified 

groups. Functional networks were then established based on the assessed gene signature, 

and processes were illustrated by ellipses, with multiples genes of interest comprising 8 

modules (Figure 5B-C). Regarding pro-fibrotic related genes, the data indicates that 

some of these genes were undetected in the IL-4/IL-13 with/without IL-6 condition (such 

as Col1a1 and Col3a1). The ones that were upregulated in the IL-4/IL-13 treatment 

condition was further elevated upon their stimulation alongside IL-6 and these genes 

included Fn1, Timp1 and Mcp1. The addition of STF-083010 reduced markedly the IL-6-

mediated upregulation of the pro-fibrotic related genes mentioned above (Figure 5D). 

Overall, these findings suggest that STF-083010 reduces the “hyper” M2 macrophage 

phenotype elicited by IL-4/IL-13/IL-6.   

STF-083010 prevents IL-4/IL-13/IL-6 mediated CCL18 secretion and 

hyperpolarization of human macrophages. To examine whether our findings in murine 

bone marrow derived M-CSF activated macrophages could be replicated in a human 

setting, we investigated the effect of IL-4/IL-13 + IL-6 polarization in the well-

characterized PMA-activated THP-1 macrophage cell line. During macrophage 

polarization, the endoplasmic reticulum was quantitatively visualized and tracked using 

the ER tracker dye and transmission electron microscopy, respectively. In the living cells, 

ER distension was observed during IL-4/IL-13/IL-6-mediated polarization (Figure 6A). 

These findings were further supported by transmission electron microscopy, which 

showed enhanced ultrastructural changes of the ER (Figure 6B). Alternative activation 
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was assessed by measuring the M2 marker CCL18 secretion in supernatants by ELISA as 

described earlier
10

. The addition of the IL-4/IL-13 polarizing cocktail resulted in a 

significant increase in CCL-18 (from 5 ± 0.5 to 181.6 ± 15.6 pg/ml), consistent with 

previously published data
11

, while the addition of IL-6 resulted in a 7-fold further increase 

of CCL-18 (1283.0 ± 72.6 pg/ml) (Figure 6B). The addition of STF-083010 at 6µM 

resulted normalized the effect IL-6 and reduced the amount of CCL-18 release to levels 

comparable to IL-4/IL-13 mediated polarization cocktail (208.3 ± 12.6 pg/mL) (Figure 

6B). Gene expression analysis indicated that CCL-18 mRNA expression was increased in 

a similar manner, mimicking the protein observations by IL-4/IL-13 exposure and highly 

upregulated by the addition of IL-6 (Figure 6C). Additionally, Fn1 was quantitated to 

reflect the pro-fibrotic macrophage phenotype. Consistent with our findings in murine-

derived alternatively activated macrophages, STF-083010 also reduced the levels of 

secreted CCL18 as well as Fn1 secretion, reflecting its ability to prevent the “hyper” 

polarization mediated by IL-6 (Figure 6B-6D). Overall, our findings show that IL-6 is 

responsible for increased ER expansion and a “hyper” pro-fibrotic phenotype in 

alternatively activated macrophages both in murine and human systems. It suggests 

further that the therapeutic targeting of IRE1 and IL-6 may lead to the prevention of the 

pro-fibrotic activity of alternatively activated macrophages and thus contribute to prevent 

progression of fibrosis in vivo.   
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DISCUSSION  

Pro-fibrotic, alternatively activated “M2” macrophages have been implicated in the 

pathogenesis of many fibrotic diseases and in many different types of cancer 
2
. Their 

close interaction with fibroblasts and their mediation of the fibrotic process has been 

extensively documented in the literature
12

. The “M2” phenotype can be induced by the 

binding of the pleiotropic cytokine IL-4 to its receptor, IL-4Rα, which induces rapid 

tyrosine phosphorylation of STAT6, leading to the upregulation of the pro-fibrotic M2-

related phenotype
13

. Similar to ex-vivo isolated macrophages, which are involved in 

pathological wound repair, IL-4/IL-13 stimulated macrophages may also share many of 

the factors involved in tissue repair. Therefore, to learn more about the behaviour and 

phenotypic pro-fibrotic functions of these macrophages, it is important to understand: 1) 

the cellular organelles/mechanisms underlying macrophage polarization (IL-4/IL-13-

mediated) and hyperpolarization (IL-4/IL-13/IL-6-mediated); 2) the pro-fibrotic 

phenotype associated with these polarization states; and 3) whether the pro-fibrotic 

phenotype of M2 macrophages can be attenuated. 

It has been proposed that the IRE1-XBP1 axis is involved in the differentiation of many 

cell types that possess high secretory capacity through the activation of ER expansion 

programs 
9,14

. For instance, UPR-mediated XBP1 production and splicing has been 

implicated in B-cell-to-plasma-cell differentiation
6
 as well as the differentiation of 

eosinophils
5
. Further, IL-4 is one of the main Th2 cytokines that drives B cell 

differentiation into antibody-secreting plasma cells via an XBP1 dependent mechanism
15

. 

This led to the logical speculation that IL-4 and XBP1 might also be involved in ER 
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membrane biogenesis and in the polarization of macrophages to the pro-fibrotic M2 

phenotype.  

Interestingly, recent data has implicated IL-6 in augmenting the responses of 

macrophages to IL-4, and in subsequently enhancing the alternatively activated 

macrophage phenotype
3
. The inclusion of IL-6 with IL-4/IL-13 therefore provided a 

compelling model to study the hyper-polarization process of macrophages in relation to 

XBP1 induction and pro-fibrotic signature. Overall our data strongly supported the 

hypothesis that IL-6 can act synergistically with IL-4/IL-13 to augment spliced XBP1, 

leading to ER membrane expansion and the generation of a hyper pro-fibrotic 

macrophage phenotype. With the use of bioinformatics analysis, we have been able to 

demonstrate the distinct transcriptional signatures induced by UPR-dependent 

macrophage polarization. This data has provided substantial evidence in proposing that 

the IL-4/IL-13+IL-6 macrophage signature can be mediated by ER-related pathways. 

Additionally, our study suggests that targeting IRE1-endonuclease activity prevents the 

IL-6 dependent “hyper” pro-fibrotic phenotype observed. Although we cannot exclude 

off-target effects of STF-080310, our data strongly suggest the involvement of the IRE1-

XBP1 pathway in IL-6-mediated hyperpolarization of alternatively activated 

macrophages, which warrants further investigations to elucidate the specific role of the 

IRE1 pathway in this polarization process. Other molecular alternatives have been 

suggested previously
16

 . Here, Bommiasamy et al, reported that UPR-mediated ATF6α 

activation could also promote ER expansion and phospholipid biosynthesis, independent 

of XBP1-splicing
16

. The mechanisms acted by ATF6α could be distinct from those 
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previously shown by XBP1, suggesting a redundant pathway executing a vital cellular 

task. While this process was investigated in stromal cells like NIH-3T3 and CHO, it 

remains unclear whether it applies to the myeloid compartment – or if activated ATF6α is 

also involved to promote macrophage pro-fibrotic activation. Overall, multiple UPR arms 

could devote a concerted effort into activating macrophage-ER expansion program, 

leading to enhanced pro-fibrotic capacity. 

Overall, our data show that the induction of spliced XBP1 correlated with the production 

of macrophage arginase activity during their polarization with IL-4/IL-13/IL-6. We did 

not find evidence for IL-6 alone to upregulate sXBP1 transcript counts, nor did we find 

evidence for IL-6 alone to modulate macrophage arginase activity, suggesting a true 

synergistic effect of IL-6 with IL-4/IL-13. As IL-6 is increased during chronic tissue 

injury and some infections, the findings suggest that IL-6 may enhance the fibrotic 

process, possibly by priming macrophages to be more pro-fibrotic. Furthermore, given the 

observation that spliced XBP1 was not robustly increased during the first 10 hours of 

polarization suggests that it may not be essential for initiation the M2-like phenotype but 

rather propagating the phenotype. It has been previously determined that IL-4/STAT6 

axis is indispensable for the induction of alternative macrophage activation both in vivo 

and in vitro
17

. Thus, the precise mechanism by which XBP1 influences IL-4 dependent 

pathway activation and whether XBP1 selective inhibition is sufficient to ablate the 

macrophage pro-fibrotic phenotype in vivo are valid approaches that remain under 

investigation.  
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In conclusion, the data presented suggest that the addition of IL-6 to the alternatively 

activation of phenotype, the UPR is activated and the ER is expanded to accommodate 

the production, expression and secretion of pro-fibrotic products. During this process, 

XBP1 splicing occurs to promote the expansion process and further enhance UPR 

activation to support the protein folding load within the ER. When IL-6 is present, it acts 

concurrently with IL-4 to synergize the above effects, thus further augmenting the UPR, 

ER expansion and pro-fibrotic potential of the macrophage. Targeting ER expansion and 

IL-6 signalling in alternatively activated macrophages could be a valid strategy to lower 

the pro-fibrotic cellular activity in fibrotic diseases where M2-macrophages are known as 

primary cellular contributors.  
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METHODS 

Isolation and polarization of bone marrow-derived macrophages. Bone marrow-

derived macrophages were isolated and cultured as described previously (25). Briefly, 

bone marrow cells from C57BL/6 mice were isolated and treated with 20 ng/ml M-CSF 

for 7 days. Following 7 days in culture, macrophages were exposed to recombinant IL-4 

(20 ng/ml), IL-13 (50 ng/ml) and where applicable, IL-6 (5 ng/mL), for 24-120 hours to 

induce alternative programming. Polarization to the M2-like phenotypes was assessed by 

arginase activity in cell lysates and by Arg1 and CD206 protein expression by flow 

cytometry. STF-083010 drug (Axon Medchem) was solubilized in DMSO and used at 6 

and 60µM).  

Arginase assay. The arginase assay was adapted and optimized from a previously 

established protocol
18

. Following the seeding of BMDMs (80,000 cells/per well of a 96-

well plate) and their subsequent stimulation with the above cytokine cocktails, 

supernatant was collected and cells were washed twice with ice-cold PBS. Next, cells 

were lysed in 25-100 μl of 0.1% Triton X-100 supplemented with protease inhibitors (200 

mM sodium orthovanadate, 0.1 M PMSF, 1 M DTT and 5 μg/ml and bovine lung 

aprotinin). A 1:1 dilution with 25 mM of Tris-HCl (pH 7.5) was later performed. 25 μl of 

this mixture was transferred to a 96-well PCR plate, with the addition of 2.5 μl of 10 mM 

manganese chloride. The PCR plate was then placed in a thermal cycler programmed to 

heat at 56 degrees Celsius for 10 minutes. Afterwards, 25 μl of 0.5 M L-arginine was 

mixed with the pre-heated mixture and the entire plate was then re-incubated at 37 

degrees Celsius for 30 minutes. An eight-point urea standard curve was then established 
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(0 to 15 mM). 200 μl of acid solution (63.6% water, 9.1% concentrated sulphuric acid and 

27.3% concentrated phosphoric acid), followed by 10 μl of 9% alpha-

isonitrosopropiophenone, were added to both samples and the urea solutions. The 

contents of each well were mixed thoroughly and the plate was incubated at 95 degrees 

Celsius for 30 minutes, followed by 10 minutes of cooling at 20 degrees Celsius. 150-200 

μl of each sample was removed and placed in a new, clear, flat bottom, 96-well plate for 

absorbance reading at 550 nm. 

Multiplex analysis of mediators. We quantified 32 different cytokines, chemokines, and 

growth factors simultaneously by using a Discovery Assay® (Mouse Cytokine and 

Chemokine Array 32-Plex, Eve Technologies Corp, Calgary, AB, Canada). These 32 

different mediators were assessed in the cell culture supernatant of BMDMs. The 

multiplex assay was performed at Eve Technologies using the Bio-Plex™ 200 system 

(Bio-Rad Laboratories, Inc., Hercules, CA, USA) and a Milliplex Mouse 

Cytokine/Chemokine kit (Millipore, St. Charles, MO, USA) according to Evetech 

protocol. The 32-plex consisted of eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, 

IL-13, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, 

IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNFα, 

and VEGF. The assay sensitivities of these markers range from 0.1 pg/ml to 33.3 pg/ml. 

Individual analytes’ values and other assay details are available on Eve Technologies' 

website and in the Milliplex protocol. 
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ELISA. Human CCL18/PARC protein was assessed in the cell culture supernatant using 

the commercially available CCL18 ELISA, according to the manufacturer’s protocol 

(R&D systems, Cat# DCL180B). 

Flow cytometry. Following polarization of BMDMs, ~2x10
6
 cells were subjected to 

FACS surface and intracellular staining protocol. Briefly, cells were initially suspended in 

FACS buffer solution (0.3% BSA in PBS). Non-antigen-specific binding of 

immunoglobulins to Fcγ II/III receptor on BMDMs was blocked using purified rat anti-

mouse CD16 (Mouse FC Block) (BD Pharmingen, Cat#553142). Next, cells were 

subjected to surface antibody staining solution, containing a mix of anti-mouse F4/80 and 

anti-mouse CD206 (MMR) (BioLegend, Cat#123133 and 141723). Cells were then fixed 

and permeabilized using BD Cytofix/Cytoperm solution (BD Biosciences, Cat#554722) 

prior to performing intracellular staining with anti-mouse/human arginase-1 (1:5) (R&D 

Systems, Cat#IC5868A). Intracellular staining antibody solution was made up in 1x BD 

Perm/Wash buffer solution (BD Biosciences, Cat#554723). Cells were finally 

resuspended in FACS buffer for FACS and data was collected using BD LSRFortessa
TM

 

and FACSDiva software from BD Biosciences. Data were analyzed using FlowJo 

Software from Treestar.  

Transmission electron microscopy. BMDMs were seeded onto a 6-well plate and 

polarized towards the macrophage phenotypes using the cytokine concentrations 

mentioned above. Following their polarization, the supernatant was collected and cells 

were washed twice with ice-cold PBS. Cells were then fixed in 2% glutaraldehyde in 

sodium cacodylate for 24 hours. Cells were then post-fixed in osmium tetroxide, 
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dehydrated in alcohol, lifted off the plate by propylene oxide, spun down into pellets and 

further processed for pellet embedding in epoxy resin. After polymerization, sections 

were stained with uranyl acetate and lead citrate and observed under a transmission 

electron microscope (Jeol TEMSCAN, Tokyo, Japan) by trained personnel in the Faculty 

of Health Sciences Electron Microscopy Core Facility at McMaster University. 

RNA extraction and assessment of RNA quality. Total RNA from BMDMs was 

isolated using Nucleospin RNA plus (D-Mark BioSciences, Toronto, Canada [Catalog 

No. MN-740984.250]). Concentrations and RNA purity were measured using a NanoVue 

spectrophotometer (V1.7.3). The integrity and quantity of the RNA were examined using 

the Agilent Bioanalyzer 2100 (Agilent Technologies, Santa Clara, USA) before 

NanoString gene expression analysis. 

Real-time polymerase chain reaction (RT-PCR). mRNA isolated from BMDMs 

reverse-transcribed using Superscript II RT (Invitrogen, Carlsbad, California, USA) to 

obtain cDNA for gene expression analysis. A 7500 Real-Time PCR Machine (Applied 

Biosystems, Foster City, CA) with fast SYBR green mix (Applied Biosystems, Catalog 

No. 4385612) were employed. The PCR protocol used was a 20-second initiation at 50°C, 

followed by 10 minutes at 95° C, 40 cycles of 15s amplification at 95°C and 1 minute at 

60°C. SYBR green primers, including spliced Xbp1, forward, 5’- 

TCCGCAGCAGGTGCAGG- 3’, and reverse, 5’- 

GCCCAAAAGGATATCAGACTCAGA- 3’ and for 18S, forward, 5’-

AGTCCCTGCCCTTTGTACACA- 3’, and reverse, 5’CGATCCGAGGGCCTCACT- 3’ 

were produced by the DNA Sequencing and Oligo Synthesis Facility at McMaster 
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University (MOBIX Lab). 18s was used as reference gene to assess spliced Xbp-1 mRNA 

gene expression. Candidate genes were analyzed using semi-quantitative gene expression 

analysis (ΔΔCT method) and expressed as fold change relative to the gene expression of 

the control untreated BMDMs.  

Nanostring analysis. Nanostring gene expression was performed on both murine 

(BMDM-derived) and human (THP-1) macrophages. We performed multiplexed target 

profiling of inflammation- and immune-related transcripts on Control, IL-4/IL-13, IL-

4/IL-13+IL-6 and IL-4/IL-13+IL-6+STF-083010 samples. Pre-processing and 

normalization was performed with nSolver 2.5 software (www.nanostring.com) by using 

6 negative controls for background subtraction and 6 positive controls for normalization. 

Next total counts normalization was performed. All genes were used to perform PCA and 

visualize the first 3 components (Bioconductor, rgl package; https://cran.r-

project.org/web/packages/rgl/index.html), and to perform hierarchical clustering (using 

euclidean distance and average linkage). The “limma” package and differential 

expression in microarray experiments were performed as described previously.   

Network analysis of Nanostring data. Networks were constructed using Cytoscape 

software 
19

. Reactome FI plugin was used to build functional networks, which were then 

were then analyzed for presence of significant modules (gene clusters) 
20

. These modules 

were further examined with Pathway enrichment and Gene Ontology (GO) tools in 

Cytoscape. Functional networks contain the differentially regulated genes within the 

indicated biological process and do not necessarily include all other significantly 

regulated genes.  

http://www.nanostring.com/
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Macrophage-fibroblast co-culture assay.  Murine BMDMs were stimulated with IL-

4/IL-13/IL-6 for 30 hours to polarize them towards the alternatively activated 

macrophage phenotype. Macrophages were then lifted off the plates and co-cultured with 

15,000 fibroblasts (NIH-3T3 cell line) for 48 hours. The seeding ratio of 

macrophages:fibroblasts was approximately 5:1. During the co-culture process, 

fibroblasts were cultured on black collagen coated 96-well plates (Corning
TM

 Biocoat
TM

 

Collagen 1 coated plates). To assess the process of fibroblasts-to-myofibroblasts 

differentiation, fibroblasts were treated with recombinant TGFβ1 (2ng/ml) (R&D 

biosystems, Cat# 7666-MB-005). Following the duration of co-culture, the supernatant 

was saved and cells were fixed and permeabilized using 4% paraformaldehyde and 0.1% 

triton-X in PBS, respectively. Blocking of non-specific sites was achieved using 1% BSA 

in PBS, followed subsequently with anti-αSMA conjugated to AF488 (eBioscience, anti-

alpha-smooth muscle actin Alexa Fluor® 488, Cat#53-9760-82) in PBS containing 1% 

BSA. Cells were ultimately stained with DAPI (100ng/ml, Sigma) and the fluorescence 

intensity signal was read using SpectraMax ® i3 reader.  

Statistical analysis. Results are expressed as mean ± SEM.  A one-way analysis of 

variance (One-way ANOVA) followed by Newman-Keuls multiple comparison test was 

used to determine significance when more than two groups were compared. A student’s t-

test was used to determine significance between two conditions. All statistical tests were 

performed using GraphPad Prism 7.0c (GraphPad Software, Inc). A p<0.05 was 

considered statistically significant. 
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Data availability. The datasets generated during and/or analysed during the current study 

are available from the corresponding author on reasonable request. 
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FIGURE LEGENDS  

Figure 1. IL-6 addition promotes macrophage M2 polarization and spliced XBP1 

induction. Bone marrow derived macrophages were exposed to the M2 polarization 

cocktail IL-4/IL-13 alone (open circles) and with the addition of IL-6 (closed circles). The 

cell lysates were assessed for (A) arginase activity at 2, 4, 7, 15, 24 and 30 hours 

expressed as mM urea per well and (B) arginase-1 protein. (C) In a separate experiment, 

mRNA was extracted from cell lysates and assessed for the appearance of spliced XBP1 

at 2, 4, 7, 15, 24 and 30 hours. A one-way ANOVA was used to assess the effect of each 

treatment and to identify at which time point each treatment was different from their 

respective controls (2 hour) and indicated with *. Data are presented as mean ± SD, each 

time point was assessed in quadruplicates. #,* indicates p<0.05; ###,*** indicates 

p<0.001. 

Figure 2. IL-6 addition to IL-4/IL-13 promotes expansion of the ER and 

mitochondrial membranes. Bone marrow derived macrophages were exposed to the M2 

polarization cocktail IL-4/IL-13 alone, or with the addition of IL-6, for 30 hours. TEM 

images showing BMDMs polarized towards the M2 and M2+IL-6. The blue and red 

arrowheads show mitochondria and endoplasmic reticulum, respectively; the yellow 

asterisks indicate the location of the nucleus. Scale bar = 100nm.  

Figure 3. Inhibition of IRE1-XBP1 splicing reduces macrophage alternative 

activation following their hyper-polarization with IL-6. Bone marrow-derived cells 

were harvested from C57BL/6 mice and cultured for 7 days in MCSF for differentiation 

into macrophages. Cells were then cultured for an additional 30 hours with IL-4/IL-13 or 
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IL-4/IL-13+IL-6, alone or in combination with STF-083010 (6 and 60μM). M2 cocktail 

included IL-4 (20ng/ml) and IL-13 (50ng/ml), with or without IL-6 (5ng/ml). (A) 

Arginase activity, which is reflective of the M2 macrophage phenotype, was assessed in 

cell lysates, and later accompanied with (B) RT-PCR of sXBP1. (C) Representative flow 

cytometric plots of selected samples showing the frequency of arginase-1/CD206 positive 

cells during macrophage polarization with/without STF-083010. Bars represent mean ± 

SEM from 4 replicates per group and graph is representative of two independent 

experiments. Two black filled columns are included, in which one serves as reference 

control for IL-4/IL-13 stimulated groups and other for IL-3/IL-13/IL-6 stimulated groups. 

*:P<0.05; **:P<0.01; ***:P<0.001, where * represent a difference between white-filled 

columns and the reference control. 

Figure 4. Principal component analysis plot and hierarchical clustering of the 

samples showing the ability of STF-083010 to normalize the transcriptional 

signature of hyper IL-4/IL-13/IL-6 stimulated macrophages to IL-4/IL-13 stimulated 

macrophages. IL-6BMDMs were cultured for 30 hours with with IL-4/IL-13, IL-4/IL-

13+IL-6 and IL-4/IL-13+IL-6+STF-083010 and subsequently subjected for RNA 

isolation and NanoString gene expression. (A) Principal Component Analysis (PCA) plot, 

presenting the 4 groups. (B) Dendrogram, obtained from hierarchical clustering of the 

same samples (using euclidean distance and average linkage). 

Figure 5. Significantly regulated gene numbers and functional networks with 

different modules and comparisons of interest showing down-regulation of certain 

pro-fibrotic related genes in hyper M2 macrophage treated with STF-083010. 
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BMDMs were treated for 30 hours with IL-4/IL-13, IL-4/IL-13+IL-6 and IL-4/IL-13+IL-

6+STF-083010 phenotype and subsequently subjected for RNA isolation and NanoString 

gene expression. (A) Showing comparison of regulated and unregulated genes between 

different pairwise comparisons of interests. (B) Functional network and its regulation and 

(C) Gene list within each module. The network is consistent across all comparisons, while 

the regulation is marked by colours: up-regulated genes are shown in red, down-regulated 

- in green, and genes that were not found to be differentially expressed in the comparison 

of interest are shown in white. Functional network with different modules shown in 

different colours and marked by ellipses. Each ellipse is contains the module ID and 

functional annotation. (D) Selected significantly regulated pro-fibrotic related genes. 

Figure 6. STF-083010 reduces ER size and the hyper pro-fibrotic M2 phenotype of 

human macrophages. Human monocytic cell line were differentiated into macrophages 

using PMA and then stimulated with IL-4/IL-13 and IL-6, alone or in combination with 

STF-083010 (for 72 hours). (A) ER tracker (blue dye) and TEM displaying the ER 

compartment on cells following 72 hours of polarization. (B-C) In a separate experiment, 

CCL18 secretion and transcription was assessed as well as (D) the pro-fibrotic related 

marker, Fn1. A one-way ANOVA was used to assess the effect of each treatment. Gene 

expression by NanoString is presented as normalized counts. Data are presented as mean 

± SD, each time point was assessed in quadruplicates. #,* indicates p<0.05; ###,*** 

indicates p<0.001. 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Supplementary Table 1: Gene symbols and reference sequence details in nanoString 

codeset used to investigate gene expression patterns in the bone marrow-derived 

macrophages. 

Supplementary Figure 1. Direct contact of IL-4/IL-13/IL-6-stimulated macrophages 

promotes fibroblast-to-myofibroblast differentiation. NIH-3T3 fibroblasts were cultured 

alone, and with TGFβ1 (2.5ng/ml). Fibroblasts were also co-cultured with IL-4/IL-13/IL-

6-stimulated macrophages (following 30 hours of stimulation) and with the only 

conditioned media from IL-4/IL-13/IL-6-stimulated macrophages. Following 48 hours of 

(co)-culture, fibroblasts were fixed and subsequently stained with αSMA conjugated with 

Alexa Fluo 488 . The mean fluorescent intensity signal was read and illustrated as 

indicated above. . Data are presented as mean ± SD, each condition was assessed in 

triplicates. * indicates p<0.05; **indicates p<0.01; *** indicates p<0.001. 

Supplementary Figure 2. Effect of STF-083010 on cellular viability of polarized 

BMDMs. Bone marrow-derived cells were harvested from C57BL/6 mice and cultured 

for 7 days in MCSF for differentiation into BMDMs. Cells were then cultured for an 

additional 30 hours with IL-4/IL-13and IL-4/IL-13+IL-6, alone or in combination with 

STF-083010 (6 and 60μM). To assess viability, cells were then directly cultured with 

CellTiter 96
®
 AQueous One solution for 3.5 hours and absorbance values were read at 490 

nm. OD values were later normalized to ones from unstimulated cells and relatively 

presented as percent cellular viability. Two black filled columns are included, in which 

one serves as reference control for IL-4/IL-13 stimulated groups and other for IL-3/IL-

13/IL-6 stimulated groups. *:P<0.05; **:P<0.01; ***:P<0.001. 
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Supplementary Figure 3. Representative plots showing gating strategy for flow 

cytometry analysis. BMDMs were first gated using SSC-A vs. FSC-A to show the 

sample population, then subsequently gated for singlets (SSC-A vs. SSC-H). The single 

cell gate was further analysed for its ability to express F4/80, thus demonstrating the 

frequency of F4/80+ cells from all assessed samples. Cellular expression of arginase-1 

and/or CD206 was later determined from the F4/80 gated population. 

Supplementary Figure 4. Functional network with different modules shown in different 

colours and marked by ellipses. Each ellipse contains the module ID (consistent 

throughout the manuscript) and functional annotation. 
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Supplementary Table 1 

HUGO 

Gene NSID 

Actb NM_007393.3:1138 

B2m NM_009735.3:177 

Gapdh NM_001001303.1:890 

Gusb NM_010368.1:1735 

Hprt NM_013556.2:30 

Ipo8 NM_001081113.1:3496 

Pgk1 NM_008828.2:36 

Polr2a NM_009089.2:2220 

Ppia NM_008907.1:390 

Rplp2 NM_026020.6:146 

Tbp NM_013684.3:70 

Tuba1a NM_011653.2:1378 

Ubc NM_019639.4:21 

Ywhaz NM_011740.2:455 

Xbp1 NM_013842.2:825 

Atf6 NM_001081304.1:4765 

Ddit3 NM_007837.3:255 

Hspa5 NM_022310.2:2157 

Canx NM_007597.3:3930 

Calr NM_007591.3:551 
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HUGO 

Gene NSID 

P4hb NM_011032.2:595 

Edem1 NM_138677.2:610 

Fkbp2 NM_008020.3:163 

Taok3 NM_001081308.2:530 

Map3k5 NM_008580.4:640 

Atf4 NM_009716.2:812 

C1qc NM_007574.2:708 

Tnf NM_013693.1:1135 

Nfkb1 NM_008689.2:2125 

Il6 NM_031168.1:40 

Osm NM_001013365.2:579 

Ccl12 NM_011331.2:56 

Cxcl3 NM_203320.2:275 

Il1b NM_008361.3:1120 

Il1a NM_010554.4:225 

Il10 NM_010548.1:985 

Tgfb1 NM_011577.1:1470 

Acta2 NM_007392.2:45 

Fn1 NM_010233.1:2627 

Col1a1 NM_007742.3:215 

Col3a1 NM_009930.1:4370 
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HUGO 

Gene NSID 

Serpinh1 NM_009825.2:1845 

Hspb1 NM_013560.2:630 

Fkbp10 NM_010221.2:264 

Loxl2 NM_033325.2:3700 

Ccl20 NM_016960.1:120 

Ccr3 NM_009914.4:2290 

Ccr4 NM_009916.2:1670 

Ccr5 NM_009917.5:1340 

Ccr8 NM_007720.2:426 

Cd4 NM_013488.2:950 

Cd44 NM_009851.2:3075 

Cd8a NM_001081110.2:355 

Csf2 NM_009969.4:452 

Cxcl10 NM_021274.1:115 

Cxcr3 NM_009910.2:605 

Cxcr6 NM_030712.4:650 

Ifng NM_008337.1:95 

Il17a NM_010552.3:205 

Il2 NM_008366.2:485 

Il2ra NM_008367.2:325 

Il4 NM_021283.1:345 
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HUGO 

Gene NSID 

Itgae NM_008399.2:3108 

Jun NM_010591.2:2212 

Tlr2 NM_011905.2:255 

Tlr4 NM_021297.2:2510 

Mmp1a NM_032006.3:954 

Mmp2 NM_008610.2:2376 

Mmp3 NM_010809.1:1575 

Mmp7 NM_010810.4:350 

Mmp9 NM_013599.2:1570 

Mmp14 NM_008608.3:554 

Timp1 NM_011593.2:436 

Timp3 NM_011595.2:2460 

Vegfa NM_001025250.3:3015 

Tek NM_013690.2:3580 

Lrp5 NM_008513.3:1680 

Lrp6 NM_008514.3:3315 

Myc NM_010849.4:630 

Bcl2 NM_009741.3:1844 

Traf2 NM_009422.2:1334 

Bax NM_007527.3:735 

Bak1 NM_007523.2:470 
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HUGO 

Gene NSID 

Mapk8 NM_016700.3:970 

Bcl2l11 NM_001284410.1:236 

Bad NM_007522.3:1146 

Bbc3 NM_133234.1:1461 

Bid NM_007544.3:1307 

Myd88 NM_010851.2:1595 

Traf6 NM_009424.2:980 

Mapk14 NM_001168513.1:114 

Kcnn4 NM_008433.4:275 

Calca NM_007587.2:221 

Hmox1 NM_010442.2:610 

Ido1 NM_008324.1:521 

Lgals1 NM_008495.2:40 

Lgals3 NM_001145953.1:1005 

Lgals9 NM_010708.1:355 

Fcer2a NM_001253737.1:1770 

Osmr NM_011019.3:395 

Il6ra NM_010559.2:2825 

Il6st NM_010560.2:2325 

Arg1 NM_007482.3:626 

Arg2 NM_009705.2:249 
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HUGO 

Gene NSID 

Mrc1 NM_008625.1:3992 

Il13 NM_008355.2:425 

Cxcl17 NM_153576.2:0 

Tnfsf13b NM_033622.1:225 

Grem1 NM_011824.4:1085 

Stat3 NM_213659.2:2130 

Tgfbr1 NM_009370.2:4425 

Sh3glb1 NM_019464.2:1060 

Becn1 NM_019584.3:1145 

Nos2 NM_010927.3:3715 

Itgam NM_001082960.1:3025 

Itgax NM_021334.2:327 

Emr1 NM_010130.1:995 

Cd68 NM_009853.1:636 

Ly6g XM_909927.2:91 

Il15 NM_008357.2:854 

Il21 NM_021782.2:230 

Il22 NM_016971.1:477 

Il23a NM_031252.1:360 

Nod1 NM_172729.2:1446 

Nod2 NM_145857.2:2890 
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HUGO 

Gene NSID 

Nlrp3 NM_145827.3:2745 
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Supplementary Figure 1 
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Supplementary Figure 2 
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Supplementary Figure 3 
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Supplementary Figure 4 
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Chapter 4 

Overexpression of OSM and IL-6 impacts the polarization of pro-

fibrotic macrophages and the development of bleomycin-induced lung 

fibrosis 

 

Summary and Significance 

The increased accumulation of pro-fibrotic M2 macrophages has been associated with the 

pathogenesis of IPF and accelerated disease progression, demonstrating an urgent need to 

understand the mechanisms contributing to M2 macrophage programming and their role 

in fibrosis. Here, we have examined the role of gp130 cytokines IL-6 and Oncostatin M 

(OSM) in macrophage activation and their effect on bleomycin-induced pulmonary 

fibrosis. We hypothesized that exposure to IL-6 and OSM would enhance M2 

macrophage programming in vivo and be associated with increased fibrotic disease 

severity. Our findings indicated that overexpression of IL-6 or OSM augmented ECM 

deposition and myofibroblast accumulation, which coincided with increased lung stiffness 

and differential regulation of chemokine mediators. These findings were mirrored by 

enhanced expression of well-known M2 macrophage markers, arginase-1 and CD206. To 

further support the M2 macrophage involvement, we immunophenotyped bleomycin-

injured lungs at the inflammatory phase. As a result, the data demonstrated elevated 

levels of different M2 subtypes in response to bleomycin exposure with either IL-6 or 

OSM. Additional investigation into the mechanism of polarization demonstrated a direct 

action of IL-6, but not OSM, in potentiating the pro-fibrotic phenotype of M2 

macrophage. These findings suggest a novel action of the gp130 cytokines, IL-6, and 
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OSM, in skewing macrophages towards an M2 phenotype and exacerbating the fibrotic 

lung disease. This study suggested that therapeutic strategies targeting these cytokines or 

their receptors may be beneficial in preventing the accumulation of M2 macrophages in 

pulmonary fibrosis and other M2-mediated diseases. 
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ABSTRACT 

Although recent evidence indicates that gp130 cytokines, Oncostatin M (OSM) and IL-6 

are involved in alternative programming of macrophages, their role in lung fibrogenesis is 

poorly understood. Here, we investigated the effect of transient adenoviral overexpression 

of OSM or IL-6 in mice during bleomycin-induced lung fibrosis.  

Lung fibrosis and M2-like macrophage accumulation were assessed by 

immunohistochemistry, western blotting, gene expression and flow cytometry. Ex-vivo 

isolated alveolar and bone marrow-derived macrophages were examined for M2-like 

programming and signalling. Airway physiology measurements at day 21 demonstrated 

that overexpression of OSM or IL-6 exacerbated bleomycin-induced lung elastance, 

consistent with histopathological assessment of extracellular matrix and myofibroblast 

accumulation. Flow cytometry analysis at day 7 showed increased numbers of M2-like 

macrophages in lungs of mice exposed to bleomycin and OSM or IL-6. These 

macrophages expressed the IL-6R, but were deficient for OSMRβ, suggesting that IL-6, 

but not OSM, may directly induce alternative macrophage activation.  

In conclusion, the gp130 cytokines IL-6 and OSM contribute to the accumulation of 

profibrotic macrophages and enhancement of bleomycin-induced lung fibrosis. This study 

suggests that therapeutic strategies targeting these cytokines or their receptors may be 

beneficial to prevent the accumulation of M2-like macrophages and the progression of 

fibrotic lung disease. 
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INTRODUCTION 

Interstitial fibrotic lung diseases are characterized by excessive tissue remodelling 

and accumulation of extracellular matrix (ECM)
1-6

, leading to a progressive loss of 

function. Although intensive research over the past few decades have led to increased 

understanding of the pathobiology of lung fibrosis and the first approvals of antifibrotic 

drugs
7
, the cellular and molecular mechanisms involved in the variable progression of 

fibrosis in patients diagnosed with lung fibrosis are still unclear. The accumulation of 

myofibroblasts that synthesize and deposit ECM is a hallmark feature of fibrotic lung 

disease
8-10

. Although it is poorly understood how myofibroblasts differentiate in the lung 

parenchyma, recent data suggest that alternatively activated macrophage (AAMs) may be 

critical in the myofibroblast transformation process
11-15

.  

Gp130 cytokines, also referred to as the IL-6 family, are involved in various 

inflammatory and immunoregulatory mechanisms. They elicit their cellular effects by 

binding to specific receptor complexes that include the signal transducing molecule, 

glycoprotein 130 (gp130) and play a critical role in various cellular processes such as cell 

differentiation, proliferation, and hematopoiesis
16-19

. In vivo, hyper-activation of the 

gp130/STAT3 signalling pathway (following genetic manipulation) causes excessive 

pulmonary fibrosis in murine models and occurs independently of the canonical 

TGF/SMAD3 signalling pathway
20

. Concerning macrophage polarization, IL-6 has 

recently been shown to induce an alternatively activated phenotype in macrophages 

derived from adipose tissue by enhancing IL-4Rα expression and augmenting the IL-4 
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response
21

. Additionally, Komori et al (2015) demonstrate that OSM facilitates M2 

programming in vitro using adipose tissue-derived macrophages
22

. Moreover, OSM has 

previously been shown to induce IL-6 cytokine expression in vivo, following OSM 

overexpression in murine models
23

. Recently, cellular response to OSM was associated 

with enhanced IL-6 production and worse outcomes in inflammatory bowel disease
24

, 

providing a point of convergence to induce IL-6-mediated signalling and rationalizes the 

implication of these two cytokines in driving pathological wound repair processes. In this 

study, we utilized an adenovirus over-expression system to assess the effects of OSM and 

IL-6 on bleomycin-induced lung injury and fibrosis in C57BL/6 mice. Our results 

demonstrate that over-expression of OSM (AdOSM) or IL-6 (AdIL-6) in vivo is 

associated with alternative macrophage accumulation and an increased fibrogenic 

response to bleomycin. This data suggests that targeting both gp130 cytokines and 

alternative programming of macrophages may be a viable strategy to prevent lung 

fibrogenesis.   
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METHODS 

Animals and administration of bleomycin and adenoviral vectors 

8-12 week wild type female C57BL/6 mice were purchased from Charles River 

Laboratories and housed in the Central Animal Facility. The animals were kept on a 12 h 

light/12 h dark cycle at a temperature of 20–25°C, humidity of ~50% and fed ad libitum. 

All work was conducted under the guidelines of the Canadian Council on Animal Care 

and approved by the Animal Research Ethics Board of McMaster University under 

Protocol #160414. Transient overexpression of OSM or IL-6 was achieved using 

adenovirus expression vectors, AdOSM and AdIL-6. Vector construction and validation 

were performed in-house based on previously published work
25-27

. Briefly, mice were 

anaesthetized under gaseous isoflurane while AdOSM (2x10
7
 pfu/mouse) and AdIL-6 

(1x10
7
 pfu/mouse) was intratracheally administered in a volume of 50μl sterile saline. 

Control mice received an empty control vector, AdDL70 (2x10
7
 pfu/mouse). 

Experimental pulmonary fibrosis was induced using intratracheal intubation of bleomycin 

(Hospira Healthcare Corp., NDC 61703-332-18) at 0.03 U/mouse in a volume of 50µl 

sterile saline. Bleomycin was either given alone or with AdOSM, AdIL-6 or AdDL70. 

The mice were then sacrificed after 7 days (injury phase) and 21 days (fibrotic phase).  

Airway Physiology measurements  

Quasi-static lung elastance was measured using a rodent mechanical ventilator 

(flexiVent
®
, SCIREQ, Montreal, PQ, Canada) as described earlier

15
.  

Collection of mouse specimens 
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Mice were anesthetized with gaseous isoflurane and exsanguinated by surgically severing 

the descending aorta. The trachea was cannulated, the lung excised and washed with 

phosphate-buffered saline (600µl per mouse) for broncheoalveolar lavage fluid (BALF) 

collection and analysis. The four lobes of the right lung were tied up with a surgical 

thread, excised and either placed in cold DMEMF12 media or frozen in liquid nitrogen. 

These lobes were enzymatically digested to generate a single cell suspension and 

subsequently stained for flow cytometry. The frozen lobes were subjected to protein and 

RNA isolation assays. The left lung was removed and inflated with 10% neutral buffered 

formalin solution under a pressure of 30 cmH2O. The lungs were fixed for 48–72 hours 

before histological analysis.  

Homogenization of lung tissues 

The snap-frozen right lobes of the excised lungs were placed into a stainless-steel mortar 

and crushed into a fine powder with a stainless-steel pestle while submerged in liquid 

nitrogen. Approximately one-third of each finely ground lung tissue was placed in 1 ml of 

TRIzol reagent (Invitrogen, cat# 15596-026), with two-thirds being placed into 1 ml 

(RIPA) lysis buffer supplemented with protease inhibitors (1× PBS, 1% IGEPAL CA-

130, 0.5% Na-deoxycholate, 0.1% SDS and 1mM Na-orthovanadate, 5 µg/ml aprotinin, 

1mM phenylmethylsulphonylfluoride and 1mM dithiothreitol). The powdered lungs in the 

lysis buffer and TRIzol solutions were then mechanically sheared using a homogenizer 

(Ultra-Turrax
®
 T25) and later processed for protein and RNA work. 

Western Blotting 
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Protein concentration of lung homogenates or cell lysates was measured by Bradford 

Assay (Bio-Rad). Samples were prepared with 15 or 20ug of total protein, ddH2O and 5x 

loading dye, for a final volume of 20uL. 4-20% Tris-Glycine Sodium deoxysulfate-

polyacrylamide gels (SDS-PAGE) were prepared fresh and used immediately or stored at 

4°C overnight. Samples were loaded onto gels and run at 95V for 12 minutes, then at 

120V for 1 hour by electrophoresis. Protein was then transferred onto nitrocellulose 

membranes at 400 mA for 1 hour. Blocking buffer (1:1 TBS: Odyssey blocking Buffer) 

was added to membranes for 1 hour at room temperature. Following blocking, primary 

antibodies including mouse anti-arginase-1 (BD Biosciences, cat# 610708), rabbit anti-

pSTAT3 (Cell Signaling, Cat# 9145), rabbit anti-total STAT3 (Cell Signaling, Cat# 

4904), rabbit anti-pSTAT6 (Cell Signaling, Cat# 9361), rabbit anti-total STAT6 (Santa 

Cruz Biotechnology, Cat# sc-981) and goat anti-actin (Santa Cruz Biotechnology, Cat# 

sc-1616) were added to blots overnight at 4°C. Blots were then washed using TBS+ 

0.15% Tween-20, and secondary antibodies (donkey anti-goat (Mandel Scientific, Cat# 

LIC92668074), Donkey anti-rabbit (Mandel Scientific, Cat# LIC92632213), or Donkey 

anti-mouse (Mandel Scientific, Cat# LIC92632212)) were added for 45 minutes, away 

from light. Blots were then imaged using Odyssey LI-COR® Imaging technologies. 

Quantification of protein signals were measured by densitometry using Image Studio Lite 

Ver 5.2. 

Immunohistochemistry 

Immunohistochemistry was performed at McMaster’s Histology Core Facility as 

previously described
15

. Briefly, formalin-fixed tissues were cut at 5 µm sections and 
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stained with Masson’s trichrome for ECM, anti-αSMA (Dako, cat# M0851) for the 

identification of αSMA-positive myofibroblasts and anti-fibronectin (Abcam, cat# 

ab2413) for the assessment of pro-fibrotic factors. Lung tissue sections were also stained 

with anti-arginase-1 (BD Biosciences, cat# 610708) for the identification of alternatively 

activated macrophages. We used the Dako ARK
TM

 (Animal Research Kit) Peroxidase 

(cat# K3954) to execute immunohistochemical stains involving mouse primary antibodies 

on mouse lung tissues. As for tissues that contain endogenous biotin (such as liver and 

kidney and other tissues), a step involving avidin/biotin block (Vector Laboratories, cat# 

SP2001) was conducted prior to immunohistochemical staining of the lung tissues. 

Diluent and IgG negative controls as well as non-treated tissue controls were included to 

ensure precision of the staining protocol and optimal antibody concentrations. 

Immunofluorescence  

Immunostaining of arginase-1 was performed on BALF cellular infiltrates mounted on cytospin 

slides. Briefly, BALF cells were first fixed in 4% paraformaldehyde solution, followed by 

permeabilization with 0.1% Triton X-100 PBS solution and subsequent blocking with 5% BSA 

solution. Cells were then incubated with anti-arginase-1 antibody (BD Biosciences, cat# 610708) 

for 1 hour before the application of a secondary antibody (Donkey anti-mouse Alexa 488 

(Abcam, Cat# Ab150105) for 30 minutes. Slides were mounted in Prolong-gold/ DAPI before 

imaging. 

Acquisition and analysis 

Microscope slides were digitalized using an Olympus VS120-L100-W slide scanner 

microscope, and subsequent images were acquired to illustrate representative areas. Semi-



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

188 
 

quantitative assessment of the severity of fibrosis using the Ashcroft grading procedure 

was performed based on Masson’s trichrome staining, as described previously
15

. For 

αSMA, the main bronchus and larger airways were excluded by ImageJ. For both 

arginase-1 and αSMA, once thresholding was applied to specifically display the stained 

regions, the analyze particle function was then used to determine the total area of the 

stained regions. Image analysis was performed on image J to demonstrate the percentage 

of arginase-1 and αSMA staining normalized to the whole tissue area.  

Lung single cell isolation and purification  

Following sacrifice, the lungs were isolated, minced into small pieces and digested with 

150 U/ml collagenase type I (Gibco, Cat# 17100-017) in warm DMEMF12 media for 1 h 

at 37°C with agitation. The digested lung pieces were then pushed through a 45 µm filter 

(BD Falcon) and the single cell suspension was treated with ACK lysis buffer for 1-2 min 

at 4
o
C to lyse all erythrocytes. Lung cells were subsequently suspended in media and total 

number of viable cells and percent viability was determined using the Countess 

automated cell counter (Invitrogen).  

Flow cytometry  

Approximately 2x10
6
 viable lung cells or bone marrow derived macrophages were 

suspended in cell staining buffer (0.3% BSA in PBS). Non-antigen-specific binding of 

immunoglobulins to Fcγ II/III receptor on lung cells was blocked using purified rat anti-

mouse CD16/32 antibody (Mouse FC Block) (BD Pharmingen, Cat# 553142). Next, lung 

cells were subjected to surface antibody staining solution, containing a mix of anti-mouse 
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CD45 (APC-Cy7, Biolegend, Cat#103116), anti-mouse CD206 (MMR) (BV650, 

Biolegend, Cat# 141723), anti-mouse CD11b (PE, eBiosciences, Cat# 12-0112-81) and 

anti-mouse F4/80 (BV605, Biolegend, Cat# 123133). BMDMs were stained with anti-

mouse CD206, anti-mouse F4/80 and anti-mouse CD124 (IL-4Rα) (PE, BD Pharmingen, 

Cat# 552509). All cells were then fixed and permeabilized using a BD Cytofix/Cytoperm 

kit (BD Biosciences, Cat# 554722) prior to performing intracellular staining with anti-

mouse/human arginase-1 (APC, R&D Systems, Cat# IC5868A) suspended in 1x BD 

Perm/Wash buffer solution (BD Biosciences, Cat# 554723). Cells were finally suspended 

in cell staining buffer for flow cytometry and data was collected using a BD 

LSRFortessa
TM

 and FACSDiva software from BD Biosciences. Data were analyzed using 

FlowJo vX Software from Treestar.  

Murine alveolar macrophages isolation  

Following exposure to the above conditions, lungs were harvested and BALF was 

collected as described above. Collected cells were then cultured in Dulbecco’s Modified 

Eagle Medium (F12) containing 10% Fetal Bovine Serum. After 40 minutes in culture, 

adherent cells were selected by washing the non-adherent cell population. Macrophage-

enriched cells were then lysed and RNA was isolated for nanoString gene expression 

analysis.  

Isolation and alternative activation of bone marrow-derived macrophages 

Bone marrow-derived macrophages (BMDMs) were isolated and cultured as described 

previously
15

. Briefly, bone marrow cells from wild type C57BL/6 mice were isolated 
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from the tibias and femurs and treated with 20 ng/ml of recombinant mouse macrophage 

colony stimulating factor (Murine M-CSF, PeproTech Canada) for 7 days. After 7 days, 

bone marrow derived macrophages were treated for either 18 or 30 hours with 

recombinant IL-4 (20 ng/ml), IL-13 (50 ng/ml), alone, or in combination with OSM (50 

ng/ml) or IL-6 (50 ng/ml) (PeproTech Canada). Alternative activation of macrophages 

was assessed in the cell lysate by measuring arginase-1 protein by western blotting and 

by arginase-1 and CD206 by flow cytometry. In some instances, BMDMs were lysed and 

RNA was isolated for NanoString gene expression analysis. 

Arginase assay 

The arginase assay was adapted and optimized from a previously established protocol
23

. 

Following the seeding of BMDMs (80,000 cells/per well of a 96-well plate) and their 

subsequent stimulation with the above cytokine cocktails, supernatant was collected and 

cells were washed twice with ice-cold PBS. Next, cells were lysed in 25-100 μl of 0.1% 

Triton X-100 supplemented with protease inhibitors (200 mM sodium orthovanadate, 0.1 

M PMSF, 1 M DTT and 5 μg/ml and bovine lung aprotinin). A 1:1 dilution with 25 mM 

of Tris-HCl (pH 7.5) was later performed. 25 μl of this mixture was transferred to a 96-

well PCR plate, with the addition of 2.5 μl of 10 mM manganese chloride. The PCR plate 

was then placed in a thermal cycler programmed to heat at 56 degrees Celsius for 10 

minutes. Afterwards, 25 μl of 0.5 M L-arginine was mixed with the pre-heated mixture 

and the entire plate was then re-incubated at 37 degrees Celsius for 30 minutes. An eight-

point urea standard curve was then established (0 to 15 mM). 200 μl of acid solution 

(63.6% water, 9.1% concentrated sulphuric acid and 27.3% concentrated phosphoric 
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acid), followed by 10 μl of 9% alpha-isonitrosopropiophenone, were added to both 

samples and the urea solutions. The contents of each well were mixed thoroughly and the 

plate was incubated at 95 degrees Celsius for 30 minutes, followed by 10 minutes of 

cooling at 20 degrees Celsius. 150-200 μl of each sample was removed and placed in a 

new, clear, flat bottom, 96-well plate for absorbance reading at 550 nm. 

RNA isolation and nanoString gene expression 

RNA was isolated from adhered alveolar macrophages and BMDMs using NucleoSpin 

RNA plus (Macherey Nagel, Cat# 740984.250). Here, we used a nanoString custom 

designed panel focusing on selected genes including Il4ra, Arg1, Ccl2, Il6ra, Timp1, 

Osmr, Col1a1, Col1a3, Fn1, Mrc1. Analysis of raw mRNA counts was performed using 

nSolver v2.6. Background subtraction was performed using geometric mean of negative 

controls, followed by normalization to geometric mean of positive controls. Results were 

analyzed and normalized to housekeeping genes (Actb, Pgk1, Ppia and Ywhaz) and with 

the nanoString total counts method as described in the nCounter Expression Analysis 

Guide, producing similar results. Gene expression data is here shown as normalized to 

total counts.  

GEO database analysis 

Publically available dataset containing Osmrβ expression profiles of 

monocyte/macrophage populations were obtained Misharin et. al
28

. Briefly, following 

bleomcyin administration, wild type C57BL6 (Casp8flox/flox) mice were sacrificed after 

14 and 19 days and lung cells were flow-sorted to isolate monocytes, interstitial 

macrophages, and alveolar macrophages (distinguished by high or low expression of 
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Siglec F). For naïve mice, Siglec F high Alveolar macrophages were isolated. Normalized 

counts were log2-transformed, and then the distribution of the Osmr Log2-normalized 

counts was compared to the distribution of Log2-normalized counts pooled across all 

genes and all samples. Plots were built by using R environment. 

ELISA and Multiplex analysis of mediators 

BALF total TGFβ1 was measured using a commercially available ELISA, according to 

the manufacturer’s protocol (R&D Systems, Cat# DY1679). We also quantified 32 

different mediators in the BALF and cell culture supernatant by using a Discovery 

Assay® (Mouse Cytokine and Chemokine Array 32-Plex, Eve Technologies Corp, 

Calgary, AB, Canada). The multiplex assay was performed at Eve Technologies using the 

Bio-Plex™ 200 system (Bio-Rad Laboratories, Inc., Hercules, CA, USA) and a Milliplex 

Mouse Cytokine/Chemokine kit (Millipore, St. Charles, MO, USA) according to Evetech 

protocol. The 32-plex consisted of eotaxin, G-CSF, GM-CSF, IFN-γ, IL-1α, IL-1β, IL-2, 

IL-13, IL-4, IL-5, IL-6, IL-7, IL-9, IL-10, IL-12 (p40), IL-12 (p70), IL-13, IL-15, IL-17, 

IP-10, KC, LIF, LIX, MCP-1, M-CSF, MIG, MIP-1α, MIP-1β, MIP-2, RANTES, TNFα, 

and VEGF. The assay sensitivities of these markers range from 0.1 pg/ml to 33.3 pg/ml. 

Individual analytes’ values and other assay details are available on Eve Technologies' 

website and in the Milliplex protocol. 

Sircol Collagen Assay 

Following lung homogenization, the supernatant from the homogenized lung tissues 

in RIPA buffer was used to assess soluble lung collagen content, according to the 

manufacturer’s instructions (Sircol
TM

 Soluble Collagen Assay, Biocolor, UK).  
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Statistical analysis  

Results are expressed as mean ± SEM.  A one-way analysis of variance (One-way 

ANOVA) followed by Newman-Keuls multiple comparison test was used to determine 

significance when more than two groups were compared. A student’s t-test was used to 

determine significance between two conditions. All statistical tests were performed using 

GraphPad Prism 7.0c (GraphPad Software, Inc). A p<0.05 was considered statistically 

significant.  

Data availability: The datasets generated during and/or analysed during the current study 

are available from the corresponding author on reasonable request. 
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RESULTS 

Overexpression of OSM and IL-6 intensifies bleomycin-induced lung fibrosis 

To determine the effects of OSM and IL-6 on bleomycin-induced lung fibrosis, wild-type 

C57BL/6 mice were intratracheally administered adenovirus control vector or adenovirus 

encoding OSM or IL-6 to induce transient overexpression of OSM or IL-6, alone or in 

combination with bleomycin (0.03U/mouse). The BALF was collected after 7 and 21 

days and assessed for either OSM or IL-6 by ELISA. As expected, we observed elevated 

levels of IL-6 (Figure 1A) and OSM (Figure 1B) in the BALF of mice treated with 

AdIL-6 or AdOSM, respectively, confirming consistent vector administration and 

cytokine overexpression. Mice treated with AdOSM alone or in combination with 

bleomycin showed elevated levels of IL-6 in the BALF, compared to AdDL70, 

confirming OSM induction of IL-6 as previously shown
23

. Both IL-6 and OSM levels 

were undetectable in BALF during the fibrotic phase (day 21) of the bleomycin-induced 

injury model (data not shown). After 21 days, the assessment of quasi-static lung 

elastance (Est) revealed that both AdOSM and AdIL-6 addition to bleomycin resulted in a 

significant increase in elastance as compared to control vectors (AdDL70) and to the 

adenoviral vectors AdOSM and AdIL-6 alone (Figure 1C). As shown in Figure 1C, the 

administration of bleomycin alone resulted in a similar response to bleomycin plus 

control vector (AdDL70). Therefore, all further experiments were conducted with 

AdDL70 as a control. The increase in lung stiffness was associated with increased 

collagen content (Figure 1D) and Ashcroft fibrotic score based on Masson’s Trichrome 

staining (Figure 1E). Histological examination confirmed increased deposition of ECM 
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(Masson’s Trichrome) and accumulation of alpha smooth muscle actin (αSMA) positive 

myofibroblasts in the lung parenchyma (Figure 1F) of mice exposed to bleomycin and 

AdOSM and AdIL-6. By excluding large airways and blood vessels, digital analysis of 

αSMA confirmed enhanced parenchymal αSMA (Please see supplementary material, 

Figure 1). Overall, these findings suggest that the overexpression of OSM and IL-6 

results in an increased fibrotic response to bleomycin.  

Elevation of OSM and IL-6 lead to differential regulation of soluble mediators 

during bleomycin-induced lung injury 

To investigate how OSM and IL-6 overexpression led to the increased fibrogenic 

response in bleomycin-induced fibrosis, we assessed pro-fibrotic and inflammatory 

mediators in the broncheoalveolar fluid (BALF) at day 7 after the administration of 

bleomycin and the adenovectors. Total TGFβ1 and G-CSF were increased in the lungs of 

mice exposed to both bleomycin plus AdOSM or AdIL-6 (Figure 2A-B).  In contrast, 

even though bleomycin caused a general increase in monokine-induced by gamma-

interferon (MIG), interferon-gamma inducible-protein-10 (IP-10) and monocyte 

chemoattractant protein-1 (MCP-1/CCL2), mice receiving both bleomycin and AdIL-6 

had an enhanced level of increase in these mediators (Figure 2C-2E), suggesting a 

selective capacity of IL-6 in their regulation. Even though leukemia inhibitory factor 

(LIF) was increased in response to bleomycin challenge, it was not further modulated by 

OSM or IL-6 overexpression (Figure 2F). All other mediators assessed were below the 

threshold limit of detection (not shown). Overall, these findings indicate that OSM and 

IL-6 over-expression leads to a differential induction of inflammatory chemokines during 
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bleomycin-induced lung injury, suggesting that their individual fibrogenic properties 

might be different.  

OSM and IL-6 enhance the induction of markers associated with alternative 

programming of macrophages  

As both IL-6 and OSM have been reported to influence alternative programming of 

macrophages, we next examined the presence of AAM in lungs of mice exposed to 

bleomycin plus OSM or IL-6 adenoviral vectors. As expected, 7 days after 

administration, at the peak of adenoviral expression, increased levels of phospho-STAT3 

were observed in total lung homogenates (Figure 3A), confirming activation of the 

STAT3 pathway by overexpressed IL-6 or OSM in absence of bleomycin. This activation 

was not associated with a marked increase in arginase-1 expression (Figure 3A), as 

opposed to lungs exposed to bleomycin plus AdOSM or AdIL-6 (Figure 3B). 

Interestingly, the overall levels of pSTAT3 were not maintained in total lung 

homogenates exposed to both bleomycin and adenoviral control vectors, suggesting that 

the activation of the STAT3 pathway was not altered at this time-point (Figure 3B). For 

full-length pictures of western blots, please see supplementary Figure 6-9. To specifically 

examine the presence of AAMs in this model we proceeded with an 

immunohistochemical analysis of lungs exposed to adenoviral vectors alone or in 

combination with bleomycin at the same time-point. As observed on western blots in 

Figure 3A, arginase-1 positive cells were not present in lungs exposed to the control 

vector or by AdOSM and AdIL-6 expression alone (Figure 3C). The specificity of the 

arginase-1 antibody was confirmed by the use of IgG (negative control) and positive 
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controls (see supplementary material, Figure 2). The addition of bleomycin resulted in the 

appearance of multiple arginase-1 positive macrophage-like cells (Figure 3C). The 

quantification of the percentage of arginase-1 positive stain (Figure 3D) in left lungs 

showed virtually identical outcome as the western blot observation noted above. These 

findings were also consistent with mRNA assessment of Arginase 1 from the 

corresponding right lungs (Figure 3E), confirming the presence of alternative 

programming of macrophages in lungs exposed to bleomycin plus AdOSM or AdIL-6. 

We then examined arginase expression on macrophages isolated from lungs by flow 

cytometry. 

Increased accumulation of CD206+Arg1+ macrophages in response to OSM and IL-

6 during bleomycin-induced lung injury  

The expression of CD206 and arginase-1 were assessed on lung-derived macrophages by 

flow cytometry at day 7, as both CD206 and arginase-1 expression peaks during the 

injury phase of the bleomycin
29,30

. In addition to anti-CD206 and anti-arg1, we included 

anti-CD45, anti-CD11b and anti-F4/80 to further characterize the AAM population. A 

total number of viable cells and the frequency of the population of interest was used to 

extrapolate absolute numbers. Consistent with the immunohistochemical assessment of 

arginase-1 positive cells described above, an increase of CD206+Arg1+ macrophages 

were found in lungs exposed to bleomycin plus AdOSM or AdIL-6 (Figure 4A). Gene 

expression and immunofluorescence assessment of macrophages isolated from the 

alveolar spaces indicated that mice exposed to both IL-6 and bleomycin had increased 

levels of arginase-1 mRNA (Figure 4B) and protein (Figure 4C) as compared to mice 
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receiving control vector only. As it was recently shown that IL-6 mediates alternative 

activation of macrophages through the induction of Il-4rα
21

, we confirmed that Il-4rα 

gene expression was increased in alveolar macrophages (AMs) derived from AdIL-6 

exposed lungs at Day 7 (Figure 4D). Of note, mice receiving AdIL-6 alone did not show 

arginase-1 positive cells (data not shown).  

IL-6, but not OSM, directly acts on macrophages to induce M2 macrophage 

activation 

To further investigate the molecular mechanisms involved in the alternative programming 

of macrophages, we resorted to using bone marrow-derived macrophages for the 

following reasons. a) primary alveolar macrophages do not have the capacity to polarize 

in vitro (data not shown); b) alternatively activated pro-fibrotic macrophages were 

recently shown to originate from the bone marrow
31

. Figure 5A shows a 5.7-fold increase 

in arginase activity when IL-6 is added to the conventional alternative programming 

cocktail, IL-4 and IL-13, which resulted in a 2.5-fold increase compared to non-

stimulated cells. The administration of IL-6 alone did not have any effect on polarization 

in this assay. Importantly, the increased arginase activity was associated with increased 

levels of CD206+Arg1+ cells, as assessed by flow cytometry (Figure 5B). These data 

were consistent with the findings in lungs of mice exposed to bleomycin plus IL-6 shown 

above. We then assessed their ability to express IL-4Rα. IL-6 alone, or in combination 

with IL-4/IL-13, increased IL-4Rα expression on CD206+Arg1+ macrophages (Figure 

5C-5D). To further examine the mechanism associated with IL-6 and OSM signalling, we 

stimulated BMDMs with IL-4/IL-13, alone or in combination with OSM or IL-6 for 18 
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hours and assessed STAT3 activation. Cell lysates were probed for arginase-1, 

phosphorylated STAT6 and phosphorylated STAT3 by Western Blot (Figure 5E). 

Arginase-1 and phospho-STAT6 were induced in BMDMs following stimulation with IL-

4/IL-13 (Figure 5E- 5G). These results are consistent with previous studies 

demonstrating that Th2 cytokines, IL-4/IL-13, can activate the STAT6 pathway and 

induce an M2 macrophage phenotype
32-34

. Interestingly, IL-6 in combination with IL-4 

and IL-13, (but not IL-6 alone) lead to robust increase in arginase-1 protein signal 

(Figure 5E and 5G). These findings demonstrate the capacity of IL-6 to enhance the M2 

macrophage polarization process. Activation of the STAT3 pathway was also observed by 

BMDMs stimulated with IL-6, but not OSM, suggesting that IL-6 may directly activate 

these cells (Figure 5E and 5H). For full-length pictures of western blots, please see 

supplementary Figure 10-12. The inability of OSM to augment phospho-STAT3 

production in the BMDMs was consistent with mRNA data demonstrating differential 

receptor expression (Figure 5I). The mRNA for the IL-6 receptor, Il-6rα, was highly 

expressed in control unstimulated BMDMs and AMs, while mRNA counts for the OSM 

receptor (Osmr) were below the detection limit. Of note, when we looked at Il-6rα and 

Osmr expression in IL-4/IL-13, IL-4/IL-13/IL-6 stimulated BMDMs as well as 

bleomycin-exposed AMs, similar results were observed (see supplementary material, 

Figure 3A, B). To examine Osmrβ expression profile on various macrophage ontology 

groups within the lung, we used publically available dataset obtained from Misharin et. 

al
28

. The  log2-transformed counts demonstrate that Osmrβ was barely expressed on the 

different macrophage populations within the lung (see supplementary material, Figure 
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3C). These findings suggest that OSM is likely not acting directly on BMDMs or AMs to 

induce changes in phenotype.  

IL-6 potentiates the pro-fibrotic phenotype of M2 macrophages  

To examine the potential pro-fibrotic effect of IL-6 addition to the conventional M2 

polarization cocktail (IL-4/IL-13), we performed gene expression analysis of selected 

pro-fibrotic related genes. Subsequently, we assessed 32 different mediators in the cell 

culture supernatant using a mouse cytokine/chemokine array. Nanostring gene expression 

analysis indicated that the addition of IL-6 to IL-4/IL-13 led to a robust increase in the 

pro-fibrotic related genes fibronectin 1 (Fn1), mannose receptor 1 (Mrc1), tissue inhibitor 

of metalloproteinase 1 (Timp1) and monocyte chemoattractant protein 1 (Mcp-1) (Figure 

6A-6D). Of note, both Col1a1 and Col3a1 were undetected in the IL-4/IL-13 condition, 

with or without IL-6 (data not shown). The multiplex array data showed that the assessed 

pro-inflammatory related cytokines were undetected in IL-4/IL-13/IL-6 exposed 

BMDM’s while secreted MCP-1 was strongly increased, confirming the gene expression 

data (Figure 6E). While fibronectin staining was absent in the parenchyma in non-bleo 

exposed tissues, the staining appears to be extracellular (incorporated into the ECM) and 

intracellular (on macrophage-like cells) in bleomycin exposed samples at day 7 (Figure 

6F; see also supplementary material, Figure 4). At day 21, the majority of fibronectin 

staining was observed in the ECM in fibrotic areas (see supplementary material, Figure 

5). Of note, in all conditions, fibronectin staining was also seen around the airways and 

blood vessels, but an additive effect of staining was observed in mice exposed to 

bleomycin plus AdOSM or AdIL-6 compared bleomcyin plus empty vector. Overall, 
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these data suggest unique phenotypic differences between IL-4/IL-13 (M2) - and IL-4/IL-

13/IL-6- stimulated macrophages and different intensity of fibronectin staining in vivo.   
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DISCUSSION  

Overall, we have shown that the gp130 cytokines, OSM and IL-6, potentiate 

bleomycin-induced lung injury and fibrosis. Overexpression of OSM or IL-6, in 

combination with bleomycin, resulted in an increase in lung elastance, collagen content 

and fibrotic score. Additionally, increased expression of these cytokines led to an increase 

in pulmonary M2-like macrophage accumulation in vivo, as demonstrated by induction of 

arginase-1 and CD206 expression. Our in vitro studies indicate that the enhancement of 

the M2-like phenotype is likely due to a direct activation of membrane-bound IL-6Rα by 

IL-6 and is associated with the activation of the STAT3 pathway as shown earlier
21

, in 

addition to the required STAT6 pathway activated by IL-4 and IL-13. The ability of IL-6 

to directly augment the production of pro-fibrotic factors in the macrophage population 

suggests a possible in vivo pro-fibrotic function of the CD206+Arg1+ macrophage 

population. Together, these results suggest a novel role of gp130 cytokines signalling in 

modulating macrophage function and fibrogenesis that may be relevant for patients 

diagnosed with fibrotic lung disease (please see Figure 7 for additional illustration an 

illustration summarizing the results of this study).  

Although enhanced levels of OSM and IL-6 have previously been implicated in 

models of fibrotic disease
35-38

, our findings indicate that the overexpression of these 

cytokines alone (at the doses used) did not contribute to a fibrogenic response. Instead, 

we propose that bleomycin-induced injury primes the lung to OSM- and IL-6-driven pro-

fibrotic functions. In the lungs exposed to either AdIL-6 or AdOSM and bleomycin, the 

high level of IL-6 that coincided with a marked increase in TGFβ1, could suggest an 
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intricate crosstalk between the two cytokines as proposed by previous studies
39-41

. For 

example, it is possible that the high level of BALF IL-6 is augmenting the trafficking of 

TGFβ1 receptors to the cell surface and is, therefore, enhancing TGFβ1 Smad signalling 

on fibroblasts. Alternatively, based on other published evidence, it is also possible that 

TGFβ1 may have acted on fibroblast to mediate endogenous IL-6 release, contributing to 

enhanced macrophage programming. Although these mechanistic explanations could 

potentiate TGFβ1 and IL-6 pro-fibrotic effects, further investigations was required to 

imply a causative role in the pathogenesis of fibrosis. It was evident that a comparable 

level of induction of M2-like (Arg1+) population was observed in lungs exposed to both 

cytokines plus bleomycin even though AdOSM-induced levels of IL-6 were found to be 

almost 10-fold lower than those in mice exposed to AdIL-6. One plausible explanation for 

this phenotype could be attributed to the ability of OSM to increase IL-4 expression, as 

we have shown earlier
42

. In the present work, a lower dose of adenovirus vectors was 

used to induce a significant but limited elevation of cytokines. This change in dose 

reflects the absence of pathology observed in the AdOSM-treated mice, compared to our 

previous work
43

.  

Although M2-like macrophages have been implicated in the fibrotic process, there 

is still ambiguity on the uniqueness of the markers that can precisely depict the origin and 

function of pro-fibrotic macrophages. Here we show that increased numbers of 

CD206+Arg1+ are associated with increased severity of pathology in the lung. However, 

it is not clear yet if these macrophages stemmed from the circulatory pool and if they are 

required for fibrogenesis to occur. Although CD206 is considered a marker of M2-like 
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macrophages and that recently, Satoh et al. elegantly demonstrated that bone marrow-

derived atypical monocytes expressed CD206 were required for fibrogenesis
31

, some 

reports suggest that naïve AMs may also express CD206
44

. Therefore, we cannot exclude 

the possibility that some CD206 resident macrophages underwent alternative activation in 

the bleomycin-exposed lungs, as opposed to increased infiltration of circulatory 

monocytes that were subsequently activated within the local tissue environment. The role 

of arginase-1 positive macrophages in fibrogenesis is debated. We showed recently that 

UPR-mediated apoptosis in the M2-like macrophage population was associated with 

decreased arginase-1 expression in the lung and complete protection from bleomycin-

induced fibrosis
15

. However, Pesce et. al elegantly demonstrated that conditional 

arginase-1 deletion in the myeloid linage resulted in exacerbated Schistosoma mansoni-

induced fibrosis, questioning the functional role of arginase-1 in the fibrotic process
45

. To 

have a better understanding of the exact role of CD206+Arg1+ macrophages in lung 

fibrosis, selective deletion strategies need to be developed and evaluated. 

Previous studies have implicated both classical and trans-signalling of IL-6 in mediating 

the pathogenesis of fibrosis; Thanh-Thuy et al., demonstrated that blockade of IL-6 trans-

signalling using the gp130 Fc antagonist attenuates bleomycin-induced lung fibrosis
20,46

. 

However, only classical signalling, mediated by direct IL-6 activity on membrane-bound 

IL-6Rα, was responsible for the enhanced alternative activation of macrophages in the 

presence of IL-4
21

. Our data demonstrate that unlike the OSMRβ, which was undetected 

on pulmonary macrophages and BMDMs, the IL-6Rα was abundantly expressed. 

Furthermore, based on the robust ability of IL-4/IL-13/IL-6-exposed macrophages to 
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augment the induction of AAM markers such as arginase-1, arginase activity, Fn1, Mrc1, 

Timp1 and Mcp1, it would not be unreasonable to refer to these macrophages as 

“hyperpolarized AAM”. As such, the findings that IL-6 leads to a hyperpolarized 

macrophage, as opposed to OSM, suggest that OSM acts indirectly on macrophages in 

mice exposed to bleomycin. The high level of fibronectin expression in hyperpolarized 

macrophages and the enriched ECM-linked fibronectin seen in the fibrotic lungs suggest 

that these macrophages contributes to the deposition of fibronectin as previously 

described
47,48

. The increased expression of IL-4Rα on the macrophage-enriched BALF 

cells and BMDMs in response to IL-6 stimulation was likely rendering 

monocytes/macrophages more sensitive to alternative programming by IL-4/IL-13. When 

overexpressed in vivo, both OSM and IL-6 led to increased STAT3 activation, as 

examined on whole lung tissues. Our in vitro data showed that only IL-6 induced STAT3 

activation in BMDMs, as opposed to OSM. Thus, it is tempting to speculate that the 

difference observed in the STAT3 signalling activation in vivo and in vitro could be 

attributable to the selective localization of IL-6 and OSM receptors within different cell-

types. It was previously shown that OSMRβ is primarily located on stromal or epithelial 

cells
17,49,50

, whereas IL-6Rα (via IL-6) is present on leukocytes
51

.  

Overall, the findings from these experiments suggest that IL-6Rα, IL-4Rα and 

OSMRβ are potential cellular targets to reduce macrophage polarization and fibrotic 

disease progression. Although IL-4 is known to directly stimulate fibroblast proliferation 

and activation in vitro
52,53

, its role in vivo is less clear. A previous study has shown that 

reduction of IL-4- and IL-13-responsive macrophages and mononuclear cells using IL-13-
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Pseudomonas exotoxin A fusion protein attenuates bleomycin-induced lung fibrosis in 

mouse models
54

. Additionally, therapeutic blockade of IL-4 in a mice model of 

scleroderma leads to reduced dermal collagen deposition and fibrosis
55

. However, further 

experimentation is needed to validate the use of anti-IL-6Rα, anti-IL-4Rα and anti-

OSMRβ in disease models driven primarily by M2-like macrophages.  

The effect of the addition of IL-6 may also be relevant to better understand the molecular 

mechanisms of acute exacerbations in IPF (AE-IPF)
56

 as IL-6 has been indicated as a 

putative prognostic marker for AE-IPF
57,58

. AE-IPF associated mortality occurs in over 

70% of patients with biopsy-confirmed IPF and over 90% in patients requiring ventilator 

assistance
56,59

. Various pro-inflammatory cytokines are elevated in the BALF in response 

to bacterial and viral infections, which are hypothesized to contribute to acute 

exacerbation
60

 and could constitute a valid therapeutic target to prevent progression of 

disease. Schupp et al. recently demonstrated that mechanisms regulating M2-like 

macrophage polarization could act as triggers of pathological wound healing and repair 

processes in patients with acute exacerbation of IPF
61

. While IL-6 may also elicit its 

action on fibroblasts to modulate fibrotic lung disease
62

, its direct involvement in 

alternative macrophage activation in the context of bleomycin-induced lung injury yields 

a novel and a potentially clinically relevant pathophysiological property of IL-6. This is 

consistent with the beneficial use of IL-6 neutralizing antibodies that were previously 

demonstrated to influence fibrotic outcomes during bleomycin-induced lung injury. Here, 

Kobayashi et al. showed that IL-6 blockade during the injury phase prevented the 

apoptosis of type II pneumocytes and markedly accelerated fibrosis, while IL-6 blockade 
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at the early fibrotic phase ameliorated lung fibrosis. Of note, transient overexpression of 

IL-6 or OSM using the adenoviral delivery system, leads to a gradual increase in 

pulmonary transgene expression until approximately day 7-10, potentially explaining the 

differences observed by Kobayashi et al. Our data suggests that IL-6 alone does not 

impact the M2 polarization of macrophages, both in vivo and in vitro. As bleomycin 

exposure creates a TH2-like pro-fibrotic milieu, we believe that the addition of IL-6 

synergizes with this milieu to enhance alternative programming and exacerbate fibrotic 

disease (please see Figure 7 for additional illustration). Combined, our data suggest that 

increased levels of OSM and IL-6 may be involved in promoting the accumulation of 

alternatively activated macrophages and subsequently fibrogenesis. As the bleomycin 

model is a reversible model, how the IL-6/OSM axis contributes to fibrotic disease 

resolution and whether it impacts the phenotypic characterization of macrophage subtypes 

would be an important avenue to consider. Therapeutic strategies targeting these 

cytokines or their receptors may be beneficial to limit the accumulation of pro-fibrotic 

macrophages and to prevent progression of fibrotic lung disease. 
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FIGURE LEGENDS 

Figure 1. OSM and IL-6 worsen bleomycin-induced increase in lung elastance and 

bleomycin-induced fibrotic changes. Mice were intubated with AdDL70, AdOSM and 

AdIL-6, alone, or in combination with bleomycin (0.03 U/mouse). Additional control 

groups were included, receiving bleomycin plus saline with no adenovectors. Mice were 

sacrificed following 7 and 21 days of exposure, with the fibrotic outcome was assessed at 

day 21. (A-B)  IL-6 and OSM were assessed in the BALF by ELISA (day 7). (C) 

Elastance derived from pressure-driven pressure volume loops are shown and graphed as 

an average value of all the animals per group. (D) Lung collagen content was assessed by 

Sircol collagen assay. (E) Ashcroft score demonstrating the grade of fibrosis and (F) 

representative images from Masson’s trichrome and αSMA stained lung sections. Bar 

graphs represent mean ± SEM from 5-8 mice per group. All samples were derived at the 

same time and processed in parallel. This figure shows one of two representative 

experiments. *:P<0.05; **:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * 

represent a difference between bleomycin-exposed groups and their respective controls 

(Saline-Bleo vs. Saline, AdDL70- Bleo vs. AdDL70, AdOSM-Bleo vs. AdOSM, AdIL-6-

Bleo vs. AdIL-6); # represent a difference between the indicated groups. Significance was 

established using GraphPad, Prism 7.0 with one-way ANOVA using Newman-Keuls 

Multiple Comparison test.  

Figure 2. Enhanced production of several mediators in the lungs of bleomycin-

exposed mice during IL-6 or OSM overexpression. Following intratracheal intubation 

of AdDL70, AdOSM and AdIL-6 alone, or in combination with bleomycin (0.03 
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U/mouse), mice were sacrificed after 7 days. Different cytokine/chemokine mediators 

were assessed in the BALF, either by ELISA or multiplex assay. The differentially 

regulated factors include (A) TGFβ1 (B) G-CSF (C) MIG (D) IP-10 (E) MCP-1 and (F) 

LIF. All other mediators were below the level of detection, and are therefore not included 

in this figure. Bar graphs represent mean ± SEM from 3-5 mice per group, *:P<0.05; 

**:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference 

between bleomycin-exposed groups and their respective controls (AdDL70- Bleo vs. 

AdDL70, AdOSM-Bleo vs. AdOSM, AdIL-6-Bleo vs. AdIL-6); # represent a difference 

between the indicated groups. Significance was established using GraphPad, Prism 7.0 

with one-way ANOVA using Newman-Keuls Multiple Comparison test.  

Figure 3. Increased induction of arginase-1 in the lungs of bleomycin-exposed 

groups during IL-6 or OSM overexpression. Following intratracheal intubation of 

AdDL70, AdOSM and AdIL-6, alone, or in combination with bleomycin (0.03 U/mouse), 

mice were sacrificed after 7 and 21 days. (A-B) Immunoblot images and densitometry 

analyses of STAT3, pSTAT3 and arginase-1 of lung homogenates following 7 days of 

exposure. (C-E) Representative arginase-1 immunostaining and quantification as well as 

arginase-1 mRNA signal in lung tissues following 7 days of exposure. Bar graphs 

represent mean ± SEM from 3-6 mice per group. All samples were derived at the same 

time and processed in parallel. The appropriate Western blot area depicting the antibody 

band was cropped and enclosed by black boxes, as indicated above. *:P<0.05; **:P<0.01; 

***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference between 

bleomycin-exposed groups and their respective controls (AdDL70- Bleo vs. AdDL70, 
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AdOSM-Bleo vs. AdOSM, AdIL-6-Bleo vs. AdIL-6); # represent a difference between 

the indicated groups. Significance was established using GraphPad, Prism 7.0 with one-

way ANOVA using Newman-Keuls Multiple Comparison test. 

Figure 4. Increased accumulation of CD206+Arg1+ macrophages in the lungs of 

bleomycin-exposed mice during IL-6 or OSM overexpression. Following intratracheal 

intubation of AdDL70, AdOSM and AdIL-6, alone, or in combination with bleomycin 

(0.03 U/mouse) mice were sacrificed after 7 days. Lungs were processed for flow 

cytometry and AMs derived from BALF cells were isolated by adhesion and subsequently 

subjected to RNA analysis and Nanostring gene expression. (A) A graph showing 

absolute numbers of CD45+CD206+CD11b+Arg1+F4/80+ cells. (B-C) graphs showing 

Arg1 mRNA expression of adhered AMs and arginase-1/DAPI immunofluorescence 

staining of BALF cells. (D) Il-4rα mRNA expression of adhered AMs.  All samples were 

derived at the same time and processed in parallel. Bar graphs represent mean ± SEM 

from 3-5 mice per group, *:P<0.05; **:P<0.01; ***:P<0.001; #:P<0.05; ##:P<0.01; 

###:P<0.001; * represent a difference between bleomycin-exposed groups and their 

respective controls (AdDL70- Bleo vs. AdDL70, AdOSM-Bleo vs. AdOSM, AdIL-6-

Bleo vs. AdIL-6); # represent a difference between the indicated groups. Significance was 

established using GraphPad, Prism 7.0 with one-way ANOVA using Newman-Keuls 

Multiple Comparison test. 

Figure 5.  IL-6, but not OSM, directly acts on macrophages to potentiate their 

alternatively activated phenotype. Bone-marrow derived macrophages were cultured 

from naïve C57BL/6 for either 18 or 30 hours with recombinant OSM, IL-6, IL-4/IL-13, 
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alone or in combination as indicated. AMs were isolated from naïve mice by adherence. 

BMDMs were either lysed and processed for (A) arginase activity assay, or analysed by 

flow cytometry to show (B) percentage of arg1+CD206+ macrophages, (C-D) fold 

change of percentage of IL-4Rα+ cells from the arg1+CD206+ population relative to 

controls. At least 100,000 events were captured per condition, and repeated twice. (E) 

Western blot analysis of cell lysates probed for arginase-1, pSTAT6, pSTAT3, and Actin. 

(F) Densitometry of pSTAT6 (corrected to STAT6), (G) arginase-1 (corrected to actin) 

and (H) pSTAT3 (corrected to STAT3) represented as a fold-change relative to control. 

(I) Normalized mRNA counts of Osmrβ and Il6rα from control (unstimulated) BMDMs 

and AMs. Flow cytometry and western blot results are from experiments completed in 

duplicates. The appropriate Western blot area depicting the antibody band was cropped 

and enclosed by black boxes, as indicated above. All samples were derived at the same 

time and processed in parallel. For Nanostring gene expression, lower than 5 counts was 

considered not detected “ND”. Bar graphs represent mean ± SEM from 2-3 replicates per 

group (showing one of two representative experiments), *:P<0.05; **:P<0.01; 

***:P<0.001; #:P<0.05; ##:P<0.01; ###:P<0.001; * represent a difference between any 

sample relative to the control (control vs. IL-4/IL-13, IL-6 vs. IL-4/IL-13 + IL-6); # 

represent a difference between the indicated groups. Significance was established using 

GraphPad, Prism 7.0 with One-way ANOVA and non-parametric independent Student’s 

t-test. 

Figure 6. IL-6 increases the expression of pro-fibrotic factors in IL-4/IL-13 

stimulated BMDMs. BMDMs were cultured from naïve C57BL/6 for 30 hours with 
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recombinant IL-6 plus IL-4/IL-13. The harvested RNA and cellular supernatant were later 

examined for gene expression and cytokine/chemokine mediators, respectively. Anti-

fibronectin antibody was used to stained lung tissues (Day 7). Significantly regulated pro-

fibrotic related genes include (A) Fn1 (B) Mrc1 (C) Timp-1 and (D) Mcp-1. Analysis of 

mediators showed (E) MCP-1 protein level to be differentially regulated. (F) 

Representative images showing fibronectin positive staining. Bar graphs represent mean 

± SEM from 3-5 samples per group, *:P<0.05; **:P<0.01; ***:P<0.001; #:P<0.05; 

##:P<0.01; ###:P<0.001; * represent a difference between any sample relative to the 

control (control vs. IL-4/IL-13 or IL-4/IL-13/IL-6); # represent a difference between the 

indicated groups. Significance was established using GraphPad, Prism 7.0 with One-way 

ANOVA using Newman-Keuls Multiple Comparison test. 

Figure 7. An illustration suggesting OSM or IL-6 presence in the lung acts as stimuli 

to further potentiate fibrotic disease development. Bleomycin exposure initiate 

epithelial injury, leading to the recruitment of immune cells and pro-fibrotic alternative 

macrophage polarization. Our data suggest that both gp130 cytokines, OSM or IL-6, have 

the capacity to enhance the fibrotic response to bleomycin, associated with an increased 

number of alternatively activated macrophages. We show further that IL-6 have the 

capacity to act directly on pulmonary macrophages as opposed to OSM, as macrophages 

do not express the OSM receptor.  
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 
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Supplementary Figure 1.  Quantification of parenchymal αSMA staining in bleomycin-

exposed lungs. Following the exclusion of major airways and blood vessels, (A) 
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parenchymal αSMA was assessed and shown as a percentage of the lung region. (B) 

Example of airway/vessel exclusion and thresholding method.  
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Supplementary Figure 2. Validation of mouse immunohistochemical staining of 

arginase-1 using positive and negative controls. Formalin-fixed sections of bleomycin-
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exposed lung tissues and control liver tissues were stained with anti-arginase-1 antibody 

and a control (anti-IgG) antibody. Full tissue images and large scale inserts are shown.  
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Supplementary Figure 3. Comparison of the expression of Osmrβ and Il6rα in BMDMs 

and lung macrophages. (A) Osmrβ and Il6rα mRNA expression from BMDMs exposed to 

IL-4/IL-13 and IL-4/IL-13/IL-6 for 30 hours. (B) Osmrβ and Il6rα mRNA expression 

from BALF AMs following 7 days of exposure to bleomycin plus AdDL70, AdOSM or 

AdIL-6. (C) Analysis of publically available GEO database showing overall gene 

expression frequency profile as well as expression of Osmrβ (white-bars) and Il6rα (red-

bars) in different macrophage populations within the lung. Sflow and Sfhi= Siglec F low 

and high alveolar macrophages, IM= interstitial macrophages, D0=non-bleomycin 

exposed lungs and D14/19= days of bleomycin exposure before sacrifice. Bar graphs 

represent mean ± SEM from 3-5 samples per group, ###:P<0.001 and significance was 

established using GraphPad, Prism 7.0 with one-way and two ANOVA using Newman-

Keuls Multiple Comparison test. For Nanostring gene expression, lower than 5 counts 

was considered not detected “ND”. Log2 transformed counts were analysed and plotted 

using R environment.  

 

 

 

.  
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Supplementary Figure 4. Lung immunohistochemical staining of fibronectin in mice 

following in mice exposed to bleomycin plus AdOSM or AdIL-6 after 7 days of exposure 

of adenoviral vectors alone and with bleomycin.  
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Supplementary Figure 5. Lung immunohistochemical staining of fibronectin in mice 

exposed to bleomycin plus AdOSM or AdIL-6 after 21 days of exposure.  
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Supplementary Figure 6.  Arginase-1 full length blots for figure 3A-3B 
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Supplementary Figure 7.  Actin full length blots for figure 3A-3B 
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Supplementary Figure 8.  pSTAT3 full length blots for figure 3A-3B 
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Supplementary Figure 9.  STAT3 full length blots for figure 3A-3B 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

238 
 

 

Supplementary Figure 10.  Arginase-1 and Actin full length blots for figure 5E 
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Supplementary Figure 11.  pSTAT3 and STAT3 full length blots for figure 5E 
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Supplementary Figure 12.  pSTAT6 and STAT6 full length blots for figure 5E 
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Discussion 
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In this chapter, the main findings of the previous chapters (2-4) will be discussed in the 

context of current findings in the literature. The rationale and major findings of the 

previous three studies have been extensively discussed in their respective chapters. 

Therefore, the goal of this section is to:  

 Articulate the key findings of the thesis in the context of the literature  

 Elaborate on how chapters 2-4 conceptually led to each other  

 State how the work presented in this thesis contributes to the advancement of 

knowledge in the understanding of macrophage biology in chronic fibrotic lung 

disease 

 Outline future directions for identifying the precise molecular mechanisms to 

understand macrophage pro-fibrotic function 
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ER stress-mediated apoptosis in fibrosis 

Fibrosis is a major disease process involved in the pathogenesis of many chronic diseases, 

and impairs the function of many organs such as the kidney, lung, heart and liver [23]. 

While there is abundant research implicating a wide variety of cells and cellular 

mediators in perpetuating the fibrotic process, the exact molecular mechanisms that 

contribute to scarring in the lung remain to be fully understood.  

 

The findings from chapter 2 identified a novel central approach to modulate 

fibrogenesis by altering macrophage function. Initially, we hypothesized that the hyper-

active UPR, mediated by GRP78 partial loss, would lead to increased accumulation of 

myofibroblasts and epithelial cell death, ultimately resulting in worsened severity of 

fibrotic disease. On the contrary, Grp78 heterozygosity attenuated the fibrotic response in 

the lung but was nonetheless associated with high levels of ER stress markers and 

increased level of apoptosis (based on TUNEL positivity). This observation was initially 

puzzling considering that ER stress has been implicated in chronic tissue injury and 

triggering aberrant fibrotic processes in IPF patients [64, 72]. Upon further investigation, 

it was determined that the dying cells were apoptotic macrophages and not epithelial 

cells, reflected by reduced F4/80+ and Arg1+ macrophage cell numbers. The protected 

mice had a reduced accumulation of M2-like macrophages, thought to be the primary 

macrophage cell type implicated in promoting fibrosis [100]. Therefore, our findings 

further implicate M2-like macrophages in the fibrotic process and identify UPR activation 

in macrophages as a key pathway in fibrosis. 
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In the context of fibrosis where various immune and non-immune cellular 

contributors exist, cellular responses to UPR activation varies depending on the type of 

cells. Our data showed that UPR- and Chop-mediated apoptosis of macrophages protected 

animals from bleomycin-induced lung fibrosis. These results are consistent with the work 

of Malhi et al. on a mouse model of steatohepatitis. These authors elegantly demonstrated 

that deficiency in Chop, which is normally induced by ER stress and mediates apoptosis, 

rendered macrophages less susceptible to UPR-mediated apoptosis, resulting in 

augmented liver fibrosis [101]. In these cases, lack of UPR-mediated apoptosis appears to 

have a role in facilitating fibrotic disease processes. Alternatively, UPR-mediated 

apoptosis also serves as a physiological host defence response against the intracellular 

pathogen, especially during infection, such as with Mycobacterium tuberculosis, which 

exploits the host cellular machinery to their benefit [102]. By inducing apoptosis, the host 

can minimize bacterial proliferation and risk to the host’s normal function. Aside from 

macrophage apoptosis, increasing evidence also suggests that alveolar epithelial cell 

apoptosis through ER-stress is a key event that elicits and progresses fibrosis in the lung 

parenchyma [64]. Pharmacological targeting of caspases, genetic removal of pro-

apoptotic signalling genes, and the administration of ligands that mediate apoptosis in the 

animal model, have all been promising in abrogating lung fibrogenesis mediated by pro-

fibrotic insults [103-106]. Collectively, these observations suggest that ER stress-

mediated cell death in the affected cells could be either advantageous or detrimental, 
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depending on the precise cellular function and magnitude of stress within the diseased 

tissue. 

 

Macrophage apoptosis, which can be mediated by a multitude of pathways, has 

been suggested to be central to the fibrotic process and regulation of the main effector 

cells, the myofibroblasts. In our fibrosis semi-resistant Grp78
+/-

 lungs, the number of 

apoptotic macrophages increased with reduced number of αSMA-positive myofibroblasts, 

suggesting a possible direct or indirect link between these two cell types. As with our 

findings which demonstrated that the UPR-mediated macrophage apoptosis is an anti-

fibrotic target, other molecular pathways programming macrophage apoptosis have been 

found to elicit a similar function. For instance, Akt1 (Akt Serine/Threonine kinase 1) 

activation during bleomycin-induced fibrosis elicited ROS-mediated TGFβ1 expression, 

activated mitophagy (engulfment of dysfunctional mitochondria by autophagosomes) and 

promoted macrophage survival [107]. In contrast, macrophage-specific deletion of Akt1 

disrupted the mitophagy program and reduced fibrosis by enhancing macrophage 

apoptosis [107]. Macrophage apoptosis can also be mediated by liposome-encapsulated 

clodronate, which is thought to induce cascades and signals leading to the loss of 

mitochondrial inner membrane and cellular apoptosis [108]. When clodronate was 

administered during the fibrotic phase of bleomycin-induced lung fibrosis, the fibrotic 

outcome was significantly attenuated while their depletion during recovery phase delayed 

fibrotic disease resolution [54]. This finding is consistent with previous studies suggesting 

that macrophages are critical in influencing ECM degradation during the resolution of 



Ph.D. Thesis – E. Ayaub           McMaster University – Medical Sciences 

246 
 

liver fibrosis [109]; and alveolar macrophages contribute immensely to the uptake of 

collagen and the reversibility of bleomycin induced-lung fibrosis [56]. This constellation 

of evidence complements our findings that macrophage apoptosis during the early fibrotic 

phase (Day 7) was associated with a reduced fibrotic outcome in the Grp78
+/-

 mice, while 

macrophage resistance to apoptosis in the Chop
-/-

 mice was associated with enhanced 

ECM deposition in the lung. Whether macrophage resistance to undergo apoptosis in the 

Chop
-/-

 mice is associated with decreased collagen degradation and reduced reversibility 

of bleomycin-induced fibrosis remains to be further investigated in future studies. 

Apoptotic cell death could have a protective or pathologic outcome on fibrosis depending 

on the type and phenotype of cells undergoing programmed suicide and mechanisms 

regulating timing of apoptosis. Pharmacological strategies aimed at selectively targeting 

the UPR to promote macrophage apoptosis or reducing macrophage activity can be 

utilized to provide novel anti-fibrotic targets.  

 

UPR-mediated ER expansion during M2 macrophage polarization  

The protective pro-fibrotic effect of UPR-mediated apoptosis of macrophages (as 

demonstrated in Chapter 2) revealed that the UPR can be targeted to promote macrophage 

apoptosis in response to injury-repair processes and modulate the polarization of 

macrophages towards the M2-like phenotype. Although ER stress has been implicated in 

alternative programming of macrophages and in foam cell formation (lipid-loaded 

macrophages in the atherosclerotic plague) [110, 111], the precise UPR pathway 

exploring this process has not been investigated. Our findings from Chapter 2 revealed 
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that M2-like macrophages are likely the subtype required for fibrogenesis. Our findings 

showed that Grp78 haplo-insufficiency promoted XBP1 induction in M2 macrophages, 

suggesting that the polarization process may be mediated by the IRE1-XBP1 arm of the 

UPR. Interestingly, IL-6 has recently been implicated in dramatically promoting 

macrophage polarization toward the M2-like phenotype in an obesity-associated model of 

inflammation [112]. How IL-6 affects the pro-fibrotic function and phenotype of 

macrophages and whether there is a targetable molecular process remains unclear. 

Together with these findings and our results from Chapter 2, the IL-6/M2 programming 

model provided us with a unique and compelling tool to study how UPR-mediated XBP1 

expression is essential in the hyperpolarization of macrophages towards the M2-

phenotype. Since IL-6 has been shown to increase IL-4Rα expression on macrophages 

[112], it can sensitize macrophages to IL-4-mediated effects and UPR-mediated XBP1 

splicing. We have chosen to further investigate this process by primarily using murine 

bone marrow-derived macrophages (BMDMs) for a few reasons. a) Primary alveolar 

macrophages are limited in quantity and do not have the capacity to polarize towards the 

M2 phenotype in vitro (data not shown); b) Pro-fibrotic M2-like macrophages are thought 

to have a circulating progenitor and were recently shown to originate in the bone marrow 

[113]; and c) Similar to ex-vivo isolated pulmonary macrophages derived from murine 

models of fibrosis, BMDMs are responsive to IL-4/IL-13 to activate downstream 

signalling, leading to the expression of comparable molecules of interest (such as 

arginase-1, CD206 and fibronectin 1). 
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 Our findings from Chapter 3 identified that IL-6-mediated programming of 

M2 macrophages increased ER expansion, induced XBP1 and generated a hyper-pro-

fibrotic macrophage phenotype. Our results proposed the following scenario: Macrophage 

polarization into the alternatively activated phenotype activates the UPR, which expands 

the ER to accommodate the production, expression and secretion of pro-fibrotic products. 

During this process, XBP1 splicing occurs to promote the expansion process and further 

enhance UPR activation which supports the protein folding load within the ER. When IL-

6 is present, it acts concurrently with IL-4 to synergize the above effects, thus further 

augmenting the UPR, ER expansion and pro-fibrotic potential of the macrophage. 

Although the literature has carefully examined and implicated the process of ER 

expansion in different cell types, little to no evidence explored this process in pro-fibrotic 

M2-like macrophages. We believe that we have addressed this gap in knowledge and 

provided a considerable amount of evidence to implicate IRE1-XBP1 pathway with ER 

expansion in M2 macrophages. Overall, our data showed that the IL-6/XBP1 axis could 

be a key to mediate macrophage pro-fibrotic functions. 

 

The link between the relatively late timing of IRE1-XBP1 induction and the 

process of M2 polarization could suggest that there is an IRE1-independent pathway that 

is implicated in the polarization process. Due to the late induction during the polarization 

process, as we have showed, it is tempting to speculate that XBP1 promotes the 

expression of molecular chaperones needed to maintain ER homeostasis, and may not 

solely be responsible for the polarization process. Given that ER expansion is a complex 
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molecular process that requires the cooperation of many signals within the cell, other 

UPR stress sensors could further engage in ER membrane biogenesis [61]. It has been 

reported by Bommiasamy et al. that UPR-mediated ATF6α activation could also promote 

ER expansion and phospholipid biosynthesis, independent of XBP1-splicing [61]. The 

mechanisms acted by ATF6α could be distinct from those previously shown by XBP1, 

suggesting that a redundant pathway executes a vital cellular task. Since this process was 

investigated in stromal cells like NIH-3T3 (a fibroblast cell line derived from a mouse 

embryo) and CHO (an epithelial cell line derived from a Chinese hamster ovary), it 

remains unclear whether this pathway applies to the myeloid compartment or promotes 

macrophage pro-fibrotic activation. Overall, multiple UPR arms could facilitate a 

concerted effort in activating macrophage-ER expansion program, leading to enhanced 

pro-fibrotic capacity. 

 

Fibroblast-to-myofibroblast conversion process is believed to be the most 

prevailing pathological process directly impacting fibrotic disease progression. As such, 

understanding the mechanisms and signals by which M2-like macrophages modulate this 

process is crucial for the development of novel anti-fibrotic targets. Our results, which 

showed a heightened αSMA positivity signal induced by IL-6-stimulated M2 

macrophages, suggests a true pro-fibrotic nature of this unique macrophage subtype. To 

our knowledge, the direct co-culture approach employed by our study is the first in 

literature to address whether the close proximity between macrophages and fibroblasts 

can functionally contribute to the differentiation of fibroblasts to myofibroblasts. The 
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findings that neither the conditioned medium of M1 or M2+IL-6 macrophages nor M1 

macrophages themselves influenced fibroblast-to-myofibroblast differentiation likely 

suggest the involvement of surface markers in fibroblast activation/differentiation. It is 

possible that without the physical co-existence of these cells, these hyper-pro-fibrotic 

macrophages are insufficient to drive fibroblasts-to-myofibroblasts differentiation solely 

with their secreted soluble mediators. However, it is still possible that the secreted factors 

from these pro-fibrotic macrophages activate fibroblasts to secrete soluble ECM products 

without causing fibroblasts-to-myofibroblast differentiation, as shown by Ploeger et al. 

[44]. Additionally, it could be logical to speculate that the crosstalk between fibroblasts 

and macrophages could be mediated by activated surface markers on hyper M2 

macrophages to directly activate fibroblasts. Whether UPR activation (XBP1 splicing or 

ATF6 phosphorylation) contributes to the M2-mediated pro-fibrotic effect on fibroblasts 

remains under investigation. In this regard, targeting the ER expansion program 

genetically or pharmacologically would be helpful to better understand the macrophage 

function during wound healing. Overall, M2 polarization, enhanced by IL-6, is associated 

with increased ER expansion. This key finding suggest that IL-6 signalling and 

mechanism of ER expansion may serve as putative therapeutic targets to counter fibrosis. 

 

IL-6 as a key promoter of macrophage pro-fibrotic function in vivo 

In Chapter 3, it was determined that hyper M2 macrophages (IL-6–mediated polarization) 

exerted pro-fibrotic function. To directly address whether IL-6 can recapitulate such 

effects in a pro-fibrotic environment in vivo, we used adenoviruses to overexpress IL-6 
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(AdIL-6) and OSM (AdOSM) during bleomycin-mediated lung injury. In murine models 

of OSM overexpression, OSM has been shown to induce IL-6 cytokine expression in vivo 

[114], thus providing a unique way to induce IL-6-mediated signalling and rationalizing 

the implication of these two cytokines in driving fibrotic processes. These two cytokines 

enhanced the fibrotic response to bleomycin, as shown by a sizable accumulation of 

AAMs and pro-fibrotic factors. Our data suggests that while IL-6 acts directly on 

macrophages to promote the M2-like phenotype, OSM acts indirectly perhaps by acting 

on OSMR-sufficient cells to promote IL-6 release. These findings suggest that anti-IL-

6Rα or anti-OSMRα could be utilized to modulate macrophage phenotypes, and 

subsequently reduce the extent of the fibrotic process.  

 

Our findings from Chapter 4 are novel and support current thoughts in the 

literature that markers of M2-like macrophages increase during fibrotic disease 

exacerbation and progression. Previous studies in IPF patients have shown that a level of 

human M2 cytokine called BALF CCL18 elevates during acute exacerbation and predicts 

the development of a future exacerbation [6]. CCL18 is preferentially produced by human 

M2 macrophages and involved in the development of IgG4-DS – a Th2-driven fibrotic 

disease characterized by glandular swelling and extensive fibrosis [115]. M2-CCL18 

production increases collagen production from lung fibroblasts [116] and even though it 

is not regarded as a murine M2 marker, its expression co-localizes on cells that are 

functionally and phenotypically viewed as M2-like cells. Interestingly, as with our murine 

models, IL-6 potentiated the M2 phenotype by augmenting CCL18 production in human 
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macrophage cell lines exposed to IL-4/IL-13. Our findings are consistent with the 

findings that M2-like macrophages are key producers of CCL18 [117]. Intriguingly, 

factors other than IL-6 have been shown to modulate the cellular release of CCL18. 

Prasse et al. showed that collagen type 1 could also upregulate CCL18 level in the injured 

lungs [49]. Based on this finding, one can speculate that the presence of IL-6 in a pro-

fibrotic Th-2 like microenvironment could have an additional co-stimulatory effect on the 

macrophage M2 phenotype. Overall, our findings in the murine system (Chapter 4) 

uncovered, for the first time, a novel preclinical and biological link on how IL-6 may 

function in a pro-fibrotic in vivo setting.  

 

The current knowledge from this project provides new and exciting future directions to 

uncover the true identity of M2-like macrophages in driving fibrotic lung disease. The 

strong association between IL-6-mediated accumulation of AAMs and the extent of the 

fibrotic process is promising in unmasking the true pro-fibrotic macrophage pathways 

directly responsible for laying down the ECM. Investigating the unique macrophage 

subtype within the Arg1+CD206+ population could clarify varying roles of AAM 

subtypes within the injury lungs. As demonstrated by Pesce et al., arginase-1 expressing 

macrophages have a suppressive effect on inflammation and fibrosis in a Th2-inducing 

infection model in the liver [118]. However, the precise action of these cells in the lungs 

remains to be further explored; one possible way by which their action could be tested is 

with the generation of myeloid specific knockout of arginase-1. While it is probable that 

the M2-like macrophages induced by IL-6 drives fibrogenesis, it is not currently feasible 
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to prove this speculation. The precise identification of the unique M2 polarized 

subpopulation that provokes pro-fibrotic effects remains unclear and requires new models 

and functional assays. Such knowledge is needed to specifically pinpoint the type of 

macrophage that promotes ECM build-up versus the type of macrophage that promotes 

collagen degradation and fibrotic disease resolution. To further elucidate the precise 

function of macrophages or monocytes elicited by IL-6, one possible experimental design 

would be to adoptively transfer these cells at each stage of bleomycin-induced lung injury 

(inflammatory phase vs. fibrotic phase vs. resolution phase) and further observe their 

impact on the fibrotic outcome. As there is a growing list of various chronic fibrotic 

diseases in which IL-6 is a key pleiotropic cytokine implicated in out-of-control fibrotic 

processes [119-122], our findings regarding IL-6 and macrophage pro-fibrotic activation 

may extend our knowledge to a broader spectrum of diseases, ranging from systemic 

fibroproliferative diseases (such as systemic sclerosis) and organ specific-fibrotic 

disorders (such as lung, liver, cardiac and kidney fibrosis). Thus, the need for a joint 

effort to identify and target the unique pro-fibrotic macrophage subtype may lead to the 

development of effective anti-fibrotic agents.  

 

Aside from macrophages, pro-fibrotic monocytes can be recruited to the lung to 

directly impact the development of the fibrotic process. In our data, we have not assessed 

or quantitated monocytes and thereby cannot rule out the involvement of these cells in the 

pathology observed in bleomycin plus AdIL-6-exposed mice. Recently, Satoh et al. 

discovered that atypical monocytes with granulocytes characteristics, called SatM 
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(Ceacam1+Msr1+Ly6C-F4/80-Mac1+) monocytes, make up a novel subset of monocytes 

that are critical for fibrosis [113]. The generation of these monocytes is primarily 

controlled by the transcription factor C/EBPβ from a granulocyte/macrophage progenitor. 

Interestingly, C/EBPβ can also positively regulate IL-6 production [123], further 

implicating IL-6 in regulating the differentiation of SatM progenitors during pathological 

wound repair. Alternatively, IL-6 abundance in the injured tissue may yield a unique 

disease-specific subtype of monocytes or macrophages that differs in their characteristics 

and functionality. While we have not explored this possibility in our study, it would be 

worth to examine the IL-6/SatM axis in bleomycin-injured mouse lungs, which may 

allow us to move a step closer to understanding how IL-6 mediates pro-fibrotic effects. 

  

All in all, our studies from Chapter 2-4 led to major findings in the field of 

macrophage biology and fibrosis: First of all, M2-like macrophages are likely the subtype 

required for the progression of fibrosis; pro-fibrotic macrophages polarization is enhanced 

with the addition of IL-6 and is associated with their increased capacity to produce 

fibrogenic factors and increased ER expansion; and lastly, the addition of IL-6, a key 

factor involved in the progression of fibrosis, increases fibrogenesis in vivo. These 

findings are novel and contribute to the advancement of knowledge by identifying M2-

like macrophages, ER expansion and IL-6 as putative therapeutic targets to counter 

fibrotic disease progression.  
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Concluding remarks 

The research discussed in Chapters 2-4 included: 1) A genetic manipulation study 

implicating GRP78- and UPR-mediated macrophage polarization and apoptosis in the 

pathobiology of lung fibrosis; 2) a mechanistic (pharmacological) approach to 

understanding how IL-6 contribute to UPR-mediated ER expansion and the generation of 

a hyper-pro-fibrotic macrophage phenotype; and 3) An adenoviral-directed over-

expression of IL-6 and OSM investigating the role of IL-6 on macrophage pro-fibrotic 

function and the fibrotic response to bleomycin-induced pulmonary fibrosis.  

The idea that the UPR is a targetable molecular pathway that can be utilized to 

modulate macrophage function is a novel finding with immense translational therapeutic 

potential. The opposing effects mediated by Grp78 and Chop on macrophage function 

and fibrosis provide a proof-of-principle platform that the UPR can be further scrutinized 

to either induce macrophage apoptosis or to manipulate their polarizing pro-fibrotic 

phenotype. Nonetheless, more research is needed to better understand and expand upon 

these findings in the context of basic science and translational realms. The in vitro study 

pertaining to IL-6 and ER expansion provides insights into the precise molecular 

machinery by which macrophages acquire a hyper-pro-fibrotic role, and how they might 

influence the downstream trans-differentiation of fibroblasts into scar-producing 

myofibroblasts. The ability to further explore the exact UPR pathway(s) to undermine this 

process will allow the understanding of a fundamental cellular switch and open up more 

avenues to explore diseases where macrophages are the primary cellular contributors. 

Future directions would be also to continue to understand the precise phenotype and 
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source of these pro-fibrotic M2-like cells and the factors that regulate their preferential 

homing to the fibrotic areas. Another important aspect of this work would be to look into 

cells that are upstream orchestrators of the fibrotic process (such as T cells) and identify 

the pro-fibrogenic phenotype of T cells that activate macrophages. Identifying the specific 

population of macrophages that transcribes and functionally elicits pro-fibrotic role, and 

understanding specific signalling that may modify macrophage phenotype will enhance 

targeted cellular therapies. Such knowledge will have clinical implications for IPF and 

possibly other diseases of chronic tissue remodelling and fibrosis.  
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