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Abstract 
 
Background: Systemic sclerosis (SSc; scleroderma) is an autoimmune disease characterized by 

excessive collagen synthesis by fibroblasts, vascular abnormalities, and immune system activation, 

culminating in fibrosis of the skin and internal organs. Interstitial lung disease (ILD; lung fibrosis) 

is a frequent complication of SSc and one of its leading causes of death. Current treatments are of 

limited efficacy. To test new anti-fibrotics, reliable animal models that closely resemble human 

SSc-ILD are required. Two mouse models are favored in the literature – the repeated intradermal 

administration of hypochlorous acid [(HOCl)-SSc model] and the subcutaneous administration of 

bleomycin by osmotic minipump [(BLM-MP) model]. Both models reportedly induce skin and 

lung fibrosis. The HOCl-model has anti-topoisomerase 1 autoantibodies (anti-Scl-70) and elevated 

advanced oxidation protein product (AOPP) levels in serum. We performed an in-depth 

characterization focused on pulmonary involvement comparing these models.   

Methods: HOCl model: 6-week-old female BALB/c mice were treated with daily intradermal 

HOCl injections for 6-weeks. Experiment termination: 42 days (D).  

BLM-MP model: 10-week-old male C57BL/6 mice were implanted subcutaneously with osmotic 

minipumps containing BLM (60mg/kg) or phosphate-buffered saline (PBS) delivered 

continuously for 7 days. Experiment termination: 4 weeks 

Readouts: 1) body weight; 2) skinfold (caliper) and dermal thickness (histology); 3) lung histology 

and compliance (flexiVent™); 4) mRNA expression of profibrotic markers in the lung; 5) serum 

levels of AOPP and anti-Scl-70; 6) lung radiodensity and percent of poorly aerated tissue (micro-

computer tomography in vivo). 

Results: HOCl-treated mice versus PBS-controls: 1) Over time there were no differences in body 

weight between groups. 2) In the injected area on D42, the skinfold thickness (mm) was two times 
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larger (HOCl vs PBS, mean ± SEM: 1.37 ± 0.06 vs 0.66 ± 0.04) and the dermal thickness (μm) 

three times larger in the HOCl group (HOCl vs PBS: 639.90 ± 50.98 vs 206.40 ± 18.97). 3) HOCl 

treatment neither resulted in histological features of pulmonary fibrosis nor significant changes in 

lung compliance (HOCl vs PBS, ml/cmH2O/g: 3.00 × 10-3 ± 4.61× 10-5 vs 3.50 × 10-3 ± 9.32 × 10-

5). Automated image analysis of Picrosirius red (PSR) staining of lungs of HOCl mice did not 

show increased collagen deposition (HOCl vs PBS, positive PSR pixels/mm2: 2,064,449 ± 

159,647 vs 2,224,378 ± 152,187). 4) HOCl injections did not increase pulmonary mRNA 

expression of ACTA2 (α-smooth muscle actin) (HOCl vs PBS, fold over control: 1.27± 0.30 vs 

1.00 ± 0.38). 5) HOCl treatment did not induce the production of either AOPPs (HOCl vs PBS, 

μmol/L of chloramine-T equivalents: 40.12 ± 10.87 vs 47.21 ± 11.62) or anti-Scl-70 antibodies 

(HOCl vs PBS, arbitrary units: 0.21 ± 1.30 × 10-2 vs 1.50 × 10-2). BLM-MP animals vs PBS 

controls: 1) BLM-MP mice minimal weight was documented at day 15 (BLM-MP vs PBS, % 

change in body weight: -7.70 ± 1.37 vs 6.77 ± 0.50) and gradually recovered until D28. 2) Distal 

to the site of injection, dermal thickness (μm) was increased in BLM animals (BLM-MP vs PBS: 

685.80 ± 32.97 vs 465.10 ± 64.00). 3) BLM-MP mice lung histology showed thickening of the 

alveolar septa with chronic inflammation and collagen deposition. In these mice, lung 

compliance was reduced (BLM-MP vs PBS, ml/cmH2O: 3.50 × 10-2 ± 2.00 × 10-3 vs 6.40 × 10-2 ± 

2.00 × 10-3), and micro-CT scans showed increased lung density (BLM-MP vs PBS, Hounsfield 

units: -331.70 ± 13.31 vs -445.40 ± 24.30).  

Conclusion:  In contrast to the HOCl-SSc treated mice, the BLM-MP recapitulates key features 

of human SSc-ILD. Prolonged systemic administration of BLM impaired lung mechanics, 

increased lung density on micro-CT and induced chronic interstitial inflammation with scattered 
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fibroblastic foci. The BLM-MP treated mice and the readouts reported are relevant for the pre-

clinical assessment of novel anti-fibrotic drugs.  
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Résumé 

Contexte : La sclérose systémique (ScS ; sclérodermie) est une maladie auto-immune caractérisée 

par une synthèse excessive de collagène par les fibroblastes, des anomalies vasculaires et une 

activation du système immunitaire, aboutissant à une fibrose de la peau et des organes internes. La 

pneumopathie interstitielle (PI ; fibrose pulmonaire) est une complication fréquente de la ScS et 

l'une de ses principales causes de décès. Les traitements actuels sont d'une efficacité limitée. Pour 

tester de nouveaux anti-fibrosants, il est nécessaire de disposer de modèles animaux fiables qui 

ressemblent étroitement à la ScS-ILD humaine. Deux modèles de souris sont privilégiés dans la 

littérature: l'administration intradermique répétée d'acide hypochloreux [(HOCl)-ScS] et 

l'administration sous-cutanée de bléomycine par minipompe osmotique [(BLM-MP)]. Ces deux 

modèles induiraient une fibrose de la peau et des poumons. Le modèle HOCl présente des auto-

anticorps anti-topoisomérase 1 (anti-Scl-70) et des taux élevés de produits protéiques d'oxydation 

avancée (AOPP) dans le sérum. Nous avons effectué une caractérisation approfondie axée sur 

l'atteinte pulmonaire en comparant ces modèles.   

Méthodes : Modèle HOCl: Des souris BALB/c femelles âgées de 6 semaines ont été traitées par 

des injections intradermiques quotidiennes de HOCl pendant 6 semaines. Fin de l'expérience: 42 

jours (J).  

Modèle BLM-MP: Des souris C57BL/6 mâles âgées de 10 semaines ont été implantées par voie 

sous-cutanée avec des minipompes osmotiques contenant du BLM (60mg/kg) ou une solution 

saline tamponnée au phosphate (PBS) délivrée en continu pendant 7 jours. Fin de l'expérience: 4 

semaines 

Expérimentations: 1) poids corporel; 2) pli cutané (caliper) et épaisseur dermique (histologie); 3) 

histologie et conformité pulmonaire (flexiVent™); 4) expression de l'ARNm des marqueurs 
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profibrotiques dans le poumon; 5) taux sériques d'AOPP et d'anti-Scl-70; 6) radiodensité 

pulmonaire et pourcentage du tissu mal aéré (tomographie par micro-ordinateur in vivo). 

Résultats:  Souris traitées au HOCl par rapport aux souris contrôles avec PBS : 1) Au fil du temps, 

il n'y avait aucune différence de poids corporel entre les groupes. 2) Dans la zone injectée au J42, 

l'épaisseur du pli cutané (mm) était deux fois plus important (HOCl vs PBS, moyenne ± SEM: 

1,37 ± 0,06 vs 0,66 ± 0,04) et l'épaisseur du derme (μm) trois fois plus importante dans le groupe 

HOCl (HOCl vs PBS : 639,90 ± 50,98 vs 206,40 ± 18,97). 3) Le traitement au HOCl n'a pas 

entraîné de caractéristiques histologiques de fibrose pulmonaire ni de changements significatifs de 

la conformité pulmonaire (HOCl vs PBS, ml/cmH2O/g : 3,00 × 10-3 ± 4,61× 10-5 vs 3,50 × 10-3 

± 9,32 × 10-5). L'analyse d'image automatisée de la coloration au rouge Picrosirius (PSR) des 

poumons des souris HOCl n'a pas montré une augmentation du dépôt de collagène (HOCl vs PBS, 

pixels PSR positifs/mm2 : 2 064 449 ± 159 647 vs 2 224 378 ± 152 187). 4) Les injections de HOCl 

n'ont pas augmenté l'expression de l'ARNm pulmonaire de ACTA2 (α-actine de muscle lisse) 

(HOCl vs PBS, pli par rapport au contrôle : 1,27± 0,30 vs 1,00 ± 0,38). 5) Le traitement par HOCl 

n'a pas induit la production d'AOPP (HOCl vs PBS, μmol/L d'équivalents chloramine-T : 40,12 ± 

10,87 vs 47,21 ± 11,62) ou d'anticorps anti-Scl-70 (HOCl vs PBS, unités arbitraires : 0,21 ± 1,30 

× 10-2 vs 1,50 × 10-2). Animaux BLM-MP par rapport aux contrôles PBS : 1) Le poids minimal 

des souris BLM-MP a été observé au jour 15 (BLM-MP vs PBS, % de variation du poids corporel: 

-7,70 ± 1,37 vs 6,77 ± 0,50) et s'est progressivement rétabli jusqu'au J28. 2) Distalement au site 

d'injection, l'épaisseur du derme (μm) a augmenté chez les animaux BLM (BLM-MP vs PBS : 

685,80  ± 32,97 vs 465,10 ± 64,00). 3) L'histologie pulmonaire des souris BLM-MP a montré un 

épaississement des septums alvéolaires avec une inflammation chronique et un dépôt de collagène. 

Dans ce modèle, la conformité pulmonaire était réduite (BLM-MP vs PBS, ml/cmH2O : 3,50 × 10-
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2 ± 2,00 × 10-3 vs 6,40 × 10-2 ± 2,00 × 10-3), et les scans micro-CT ont montré une augmentation 

de la densité pulmonaire (BLM-MP vs PBS, unités Hounsfield : -331,70 ± 13,31 vs -445,40 ± 

24,30).  

Conclusion :  Contrairement au modèle HOCl-ScS, le modèle BLM-MP récapitule les principales 

caractéristiques de la ScS-PI humaine. L'administration systémique prolongée de BLM altère la 

mécanique pulmonaire, augmente la densité pulmonaire sur la micro-TDM et induit une 

inflammation interstitielle chronique avec des foyers fibroblastiques dispersés. Le modèle BLM-

MP et les résultats rapportés sont pertinents pour l'évaluation préclinique de nouveaux 

médicaments anti-fibrotiques. 
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Chapter 1: Introduction 
 
Section 1: Interstitial Lung Disease  

 

1.1 Definition and etiology 

 

Interstitial lung disease (ILD), describes over 200 different lung disorders characterized by varying 

degrees of inflammation and fibrosis affecting the lung parenchyma1. In normal lung tissue, very 

few cells reside in the interstitium, the space between the alveolar epithelial cells and the vascular 

endothelial cells. The presence of inflammatory cells and fibrotic mediators in the interstitial space 

reduces alveolar function by altering their distensibility, creating ventilation to perfusion 

inequalities and overall lung stiffness. Lung fibrosis increases the respiratory effort and clinically 

manifests as progressive dyspnea, cough, and reduced exercise tolerance with impaired quality of 

life. ILDs can be caused by certain drugs, autoimmune diseases, and exposure to hazardous agents 

(Table 1)2. However, in approximately 50% of cases of ILD the condition is idiopathic2.  Idiopathic 

pulmonary fibrosis (IPF) is characterized by progressive fibrosis with decline in lung function, 

worsening dyspnea, and early mortality3. In addition to IPF, 13-40% of ILD patients suffering 

from associated conditions develop a progressive fibrosis phenotype4. Of all ILDs, Systemic 

Sclerosis (SSc)- ILD is one of the types most likely to evolve into a progressive fibrosing 

phenotype1. 
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Table 1. Classification of interstitial lung diseases based on underlying etiology5,6. 

 

 

Footnotes:*causes of unclassifiable idiopathic interstitial pneumonia include (1) inadequate 

clinical, radiologic, or pathologic data and (2) discordance between clinical, radiologic, and 

pathologic findings7. 

 

1.2 Systemic Sclerosis  

 

Systemic Sclerosis (SSc), or scleroderma, is a rare autoimmune rheumatic disease characterized 

by excessive collagen deposition in the skin and in internal organs with associated vasculopathy 

and autoantibody production. In the most recent study, the reported prevalence (number of affected 

individuals) and incidence (number of newly diagnosed cases) of SSc was 17.6% and 1.4% per 

100,000 persons, respectively8. Endothelial cell activation and vascular injury are the earliest 

manifestations in SSc and were proposed to be the initiating events in the pathogenesis of the 
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disease9.The precise cause triggering vascular damage and associated immune response is not 

known9,10. Several potential causes have been proposed including viruses, drugs, environmental 

and occupational exposure to organic solvent, vinyl chlorine, and silica9,10. SSc can occur at any 

age but the onset in most patients is between the ages of 30 and 50 years. Among all connective 

tissue diseases SSc is the one with strongest female predominance (7:1 female/male ratio)11. 

Moreover, compared to other rheumatic diseases SSc is associated with poorer patient outcomes 

and lower quality of life12. In a Norwegian cohort, factors associated with a worse SSc outcome 

included male sex, pulmonary hypertension, ILD, and diffuse cutaneous involvement (skin 

involvement proximal to the elbows and knees)13. ILD  remains a leading cause of mortality in 

SSc14 accounting for 18% of all deaths15. As such, this dissertation will focus specifically on SSc-

ILD.  

 

1.3 Systemic Sclerosis associated Interstitial Lung Disease (SSc-ILD)  

 

1.3.1 Epidemiology, diagnosis and risk factors   

 

ILD is exceptionally common among patients with SSc and is associated with significant morbidity 

and mortality16. Reported prevalence rates vary widely depending on geographic location and 

method of detection17. In the Canadian Scleroderma Research Group registry, 65% of patients had 

evidence of ILD on high resolution computed tomography (HRCT), while 26% had ILD based on 

the presence of basilar velcro-like crackles on auscultation and 22% had ILD based on chest x-

ray17. Lung involvement can range from subclinical disease to respiratory failure and death16. 

Diagnosis of ILD in the initial stages is a challenge as patients may be asymptomatic and often 

present with exertional dyspnea and dry cough, both of which are nonspecific symptoms14. As 

such, it is recommended that all patients suspected or known to have SSc undergo screening for 

ILD18.  HRCT is regarded as the most sensitive and specific diagnostic modality and is suggested 
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to be performed in all patients at the time of diagnosis16. Pulmonary function tests (PFTs) are also 

routinely used in initial evaluations to assess the severity of lung involvement.  Earlier reports have 

found 40-70% of SSc patients have PFT abnormalities19,20. Recognition of risk factors associated 

with progressive ILD such as male sex, Afro-Caribbean ethnicity, diffuse cutaneous SSc, higher 

skin scores and the presence of anti-topoisomerase antibodies permits risk stratification and 

improved patient care21.  Ultimately successful assessment and management of lung involvement 

in patients with SSc requires a high index of suspicion given the non-specific symptoms associated 

with respiratory manifestations and the use of a variety of diagnostic tools including HRCT, PFTs, 

and lung biopsy when necessary.  

 

1.3.2 Diagnosis of SSc-ILD    

 

SSc-ILD can be diagnosed based on lung function abnormalities, radiologic features on HRCT, 

and histologic patterns on lung biopsy. Non-specific interstitial pneumonia (NSIP) and usual 

interstitial pneumonia (UIP) are terms used to describe the histologic and radiologic patterns of 

ILD. In SSc patients, NSIP is the most frequently observed pattern on CT, although a UIP pattern 

can be seen in 36% of patients22. The NSIP pattern on CT manifests as ground glass opacities 

(GGO, refers to regions of increased opacity of the lung with preservation of bronchial and 

vascular margins23), traction bronchiectasis, and reticulations (linear densities due to interlobular 

and/or intralobular septal thickening23)22. This pattern tends to have a peripheral distribution with 

lower lung predominance22. In UIP, CT findings include reticular opacities and honeycomb cysts 

(cystic airspaces with thick fibrous walls23) with or without traction bronchiectasis2. 

Histologically, NSIP can be characterized by a pattern of  temporally uniform lung damage with 

varying degrees of chronic inflammation or fibrosis23 and can be categorized into two subtypes – 

cellular and fibrotic22. The majority of SSc cases can be classified within the fibrotic subtype of 
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NSIP, which shows fibrosis with minimal inflammation22,24. In agreement with the assessment of 

forms of lung involvement by HRCT, the NSIP histologic pattern is more prevalent than UIP22,24. 

Histologic sections of UIP demonstrate areas of interstitial inflammation, established fibrosis and 

honeycombing with intervening normal lung tissue23,25. Although a lung biopsy is rarely indicated 

to diagnose ILD in SSc patients, it can be useful if there are inconsistencies between clinical and 

radiologic findings26. In addition to HRCT, PFTs are also useful to diagnose, stage disease severity 

and monitor progression. PFTs in SSc-ILD show restrictive lung function with decreased forced 

vital capacity (FVC) and diffusing capacity of the lungs for carbon monoxide (DLCO) (Table 1)14.  

However, it is important to note that patients with early ILD can have preserved lung volumes 

despite an abnormal HRCT and reduced DLCO14. Therefore, early detection can provide the 

opportunity for early therapeutic intervention.  

 

1.3.3 Treatment Options  

 

There is no curative treatment for SSc-ILD. However, a number of immunosuppressive and anti-

fibrotic agents have been proposed for improving or slowing the rate of ILD progression.  

Immunosuppressive therapies  

 

There are several immunosuppressive drugs available for SSc-ILD but few robust clinical trial 

data to inform the selection of a specific agent or the best timing for treatment. One of the drugs 

with more supporting evidence is cyclophosphamide, an alkylating agent which inhibits DNA 

synthesis and prevents cell division by cross linking strands of DNA26,27.  The Scleroderma Lung 

Study I (SLS I), a large multicenter randomized controlled trial of oral cyclophosphamide versus 

placebo, first showed the effectiveness of cyclophosphamide in SSc-ILD28. After 12 months of 

treatment, compared to placebo, patients on cyclophosphamide had a smaller decline of FVC (1% 

vs 2.53% predicted, p<0.03); however, there was no difference in FVC 24 months after treatment28. 
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This suggested that maintenance therapy might be necessary to maintain the benefit of 

cyclophosphamide therapy, but its long-term use may be limited by it oncogenic risk 28. In the 

second scleroderma lung study (SLS II) patients were randomized to receive cyclophosphamide 

for 1 year or mycophenolate mofetil for two years29. After two years, both groups showed 

improvement in FVC % predicted (2.9% with cyclophosphamide and 2.2% with mycophenolate 

mofetil) but cyclophosphamide was associated with more toxicity and a higher incidence of 

adverse events than mycophenolate mofetil29. Azathioprine, a purine synthesis inhibitor and 

immunosuppressant was also used for the treatment of SSc-ILD. Few studies showed promise of 

azathioprine in patients with progressive respiratory decline as first-line therapy30 or while taking 

cyclophosphamide31. Based on evidence that mycophenolate mofetil is better tolerated than 

cyclophosphamide, the use of mycophenolate mofetil was recommended as first line treatment for 

SSc-ILD32. For severe or progressive disease, cyclophosphamide followed by mycophenolate 

mofetil or azathioprine is recommended32. For refractory cases, the use of cyclophosphamide, 

biological therapies and hematopoietic stem cell transplantation (HSCT) has been suggested.  

 

Biological therapies 

 

Owing to the possible role of B cells in scleroderma, rituximab, a monoclonal antibody against the 

CD20 surface protein has been tested. In three small open-label trials, patients treated with 

rituximab had stable lung function (no significant difference in FVC and DLCO at 6 months 

compared to baseline) and no evidence of progressive disease on HRCT33-35. These studies had 

short follow-up, small sample sizes and lacked controls which do not allow for definitive 

conclusions to be drawn. In attempt to address these limitations, the European Scleroderma Trials 

and Research (EUSTAR) study was conducted36. It compared 146 SSc-ILD patients on rituximab 

combined with standard immunosuppressants to patients only on immunosuppressants over 2 
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years36. Similar to the previous studies, DLCO and FVC remained stable in both groups36. 

Rituximab was superior to cyclophosphamide in improving lung function37,38. In the studies 

discussed above, the efficacy of rituximab treatment may have been influenced by patient 

differences in the extent of lung involvement and the course of ILD33,35-38.  

 

Since interleukin 6 (IL-6) seems to be a major driver of fibrosis and inflammation in SSc, its 

inhibition with tocilizumab was tested as a potential treatment strategy for SSc-ILD39. Neves et al 

treated 3 patients with refractory SSc and ILD with tocilizumab and reported no progression of 

disease based on chest HRCT and DLCO% in two of three patients40. More recently, two 

randomized controlled trials evaluating the effect of tocilizumab in early diffuse cutaneous SSc 

showed a smaller decline in FVC in the treatment group compared to placebo39,41. In addition to 

these biologic therapies, antifibrotics have also been shown to slow the rate of decline in lung 

function.  

 

Antifibrotics  

 

Tissue fibrosis is one of the hallmarks of SSc and the relative lack of success of therapies focused 

on inflammation prompted a more direct approach with the development of antifibrotic agents. In 

2014, three large randomized-controlled trials found that nintedanib and pirfenidone, two oral 

antifibrotics, slow the rate of FVC decline in IPF patients compared to placebo. 42-44 This ultimately 

led to their approval by regulatory agencies for the treatment of IPF. Given the presumed overlap 

in molecular mechanisms leading to fibrosis, predisposing factors and clinical course between IPF 

and non IPF ILDs, pirfenidone and nintedanib were studied in SSc-ILD. 45 
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Nintedanib is an intracellular tyrosine kinase inhibitor, which inhibits the kinase activity of 

different growth factor receptors including platelet derived growth factor (PDGF), vascular 

endothelial growth factor (VEGF) and fibroblast growth factor (FGF)46. Since tyrosine kinases are 

downstream mediators of profibrotic cytokines (e.g. TGF-β), it was suggested that blockade of 

these receptors, and thus downstream signalling, may slow progression of lung function decline46. 

In vitro, nintedanib inhibit PDGF and TGF-β-induced proliferation of fibroblasts, myofibroblast 

differentiation and decreased collagen synthesis. 47 Moreover, data from animal models show that 

nintedanib has both anti-inflammatory and anti-fibrotic effects and this appeared to be irrespective 

of the method used to induce lung fibrosis48. In the 2019 Safety and Efficacy of Nintedanib in 

Systemic Sclerosis (SENSCIS) trial, 576 patients with ILD affecting at least 10% of the lung on 

HRCT were randomly assigned to receive nintedanib twice per day or placebo for 52 weeks49. 

SSc-ILD patients receiving nintedanib had a lower rate of annual FVC decline compared to 

placebo49. The safety profile was similar to that observed in IPF patients with the most common 

side effect being diarrhea49. Based on these data, nintedanib was approved in the US and Japan for 

treatment of IPF.  

 

Pirfenidone is another antifibrotic drug approved for IPF but has yet to be approved for SSc-ILD. 

Although the mechanism of action of pirfenidone remains unclear, pirfenidone decreases fibroblast 

proliferation and expression of fibrosis-associated proteins (a-SMA, Col1)50. A case study of 5 

SSc patients with progressive ILD showed pirfenidone increased vital capacity and was well-

tolerated51. In a randomized phase 2 study, pirfenidone was found to be safe and simultaneous 

administration of mycophenolate did not lead to increased side effects. 52 However, compared to 

baseline, FVC and DLCO at week 16 remained unchanged in subjects receiving only pirfenidone 
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and subjects receiving both pirfenidone and mycophenolate52. Another clinical trial 

(NCT03221257) is currently ongoing to evaluate the effect of combining pirfenidone with 

mycophenolate. SSc-ILD subjects are randomized to mycophenolate and placebo vs 

mycophenolate and pirfenidone with a follow up over 18 months and evaluating for changes in 

FVC and DLCO.  

Recently BI 1015550, an oral selective inhibitor of phosphodiesterase (PDE) 4B, has emerged as 

a candidate drug for the treatment of IPF.53 PDE 4B inhibitors exert their antifibrotic and anti-

inflammatory effects by increasing cAMP levels which can antagonize profibrotic cascades.53 

They have been shown to inhibit fibroblast proliferation, differentiation and extracellular matrix 

deposition. 53 In a phase II clinical trial, B1015550 reduced the rate of FVC decline in IPF subjects 

over 12 weeks compared to placebo. 54 Although only 12 weeks long, these encouraging results 

justify a long-term phase 3 trial and testing in non-IPF ILDs, including SSc-ILD subjects, may 

become of interest.  

 

Cellular therapies  

 

Autologous hematopoietic stem cell transplantation (AHSCT) is proposed as a treatment option 

but only in some patients given its associated mortality. The goal of this therapy is to eliminate 

autoreactive cells and to re-establish an immune system which is self-tolerant. Three randomized 

controlled trials (ASSIST, ASTIS and SCOT) have compared AHSCT to intravenous 

cyclophosphamide in SSc patients with severe or progressive disease and demonstrated superiority 

of AHSCT.55 These studies showed lower rate of disease progression and better overall survival 

in transplanted subjects.55 Treatment related mortality was 0% at 12 months in the ASSIST trial, 

10.1% in the ASTIS trial and 3% at 54 months in the SCOT trial, while in all 3 trials it was 0% for 

the cyclophosphamide group.55  With respect to lung function, AHSCT increased FVC in both 
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ASSIST trial and ASTIS trial but no significant improvement was observed in the SCOT trial. It 

is important to note that these studies differed in the conditioning regimens, primary outcome, 

follow up duration and statistical methods used for analysis which limits their direct comparison. 

AHSCT associated toxicities limits its use. Consequently, SSc-ILD remains incurable and new 

therapeutic options are needed.  

 

Mesenchymal stromal cells (MSCs) were explored in several autoimmune diseases, including SSc. 

MSCs are somatic progenitor cells that in vitro can differentiate into multiple lineages including 

adipocytes, chondrocytes and osteoblasts. They are cells with a high degree of heterogeneity and 

multiple factors affect their functional properties, including the tissue source. MSCs can be isolated 

from a variety of sources but those from bone marrow, adipose tissue and umbilical cord are most 

frequently used. The rationale for the therapeutic potential of MSCs derives from their anti-fibrotic 

and immunosuppressive capacities. Currently, MSCs are approved for the treatment of perianal 

fistulas in Crohn’s disease and graft versus host disease (GVHD). 56 

Animal models of lung fibrosis are important tools for investigating mechanisms involved in the 

pathogenesis of human diseases and assessing potential therapeutics. Although animal models that 

exhibit all aspects of SSc are not available, several induced as well as naturally occurring models, 

have been used.  

 

Section 2: Animal models of SSc 

Many animal models have been developed to study SSc. In this section, we will discuss several 

animal models that are more commonly used and recognized by researchers. These have been 

categorized into spontaneous mutations, transgenic and knockout models.  

2.1 Spontaneous Mutations 
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Genetic mutations that spontaneously arose in the genome of mice and chickens resulted in 

increased extracellular matrix deposition.57 This phenomenon provided three SSc animal models: 

tight skin 1 (TSK 1) mouse, tight skin 2 (Tsk 2) mouse, and University of California at Davis line 

200 (UCD-200) chickens.57 These animal models are useful to study skin fibrosis and vasculopathy 

but are of limited relevance as SSc is not hereditary. 57 

 

2.1.1 Tight skin 1 mouse 

 

Tight skin-1 disease was first discovered in 1967 in the B10.D2(58N)/Sn mouse strain. 57 This 

disease was primarily recognized by the presence of thickened skin and occurred spontaneously 

as a result of a partial in-frame duplication of the fibrillin-1 (FBN1) gene. 57,58  Fibrillin is an 

extracellular matrix protein which assembles into microfibrils. It is in the microfibril form that 

fibrillin maintains both structural and regulatory roles.59  Fibrillin microfibrils interact with other 

components of the ECM including latent TGF-β-binding proteins (LTBPs) and sequesters TGF-β 

from activation.59,60 The precise mechanism by which Tsk mutant microfibrils contribute to the 

Tsk phenotype is not known. However, it has been proposed that the instability of the larger 

fibrillin protein may result in uncontrolled release of TGF-β.61 Active TGF-β promotes tissue 

fibrosis by driving the differentiation of fibroblasts into myofibroblasts resulting in excessive 

collagen production.  

 

Homozygous Tsk embryos (Fbn1Tsk) die in utero within 8 days of gestation, whereas heterozygous 

mice (Fbn1Tsk/Fbn1+) have a normal lifespan.58  The phenotype of heterozygous mice includes 

fibrotic skin, visceral changes in the heart and lungs and the production of anti-FBN-1 

autoantibodies.57 Skin pathology is characterized by increased dermal and hypodermal thickening. 

57 Other features include myocardial hypertrophy and increased growth of cartilage and bone. 57 
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Tight skin mice also develop lung pathology; however, histological changes are more reminiscent 

of emphysema than lung fibrosis.57 Several other dissimilarities exist between Tsk-1 mice and SSc 

including the lack of vascular injury and mononuclear cell infiltration in the skin. 58  

 

2.1.2 Tight skin 2 mouse 

The tight skin 2 (Tsk-2) disease was first described in 1986 in the offspring of a 101/H mouse 

exposed to ethylnitrosourea, a mutagenic agent. 57 Mice carrying the Tsk2 mutation harbour a 

missense point mutation in the collagen type III, alpha I gene (Col3a1) gene on chromosomes 1. 

62 Similar to Tsk 1, the homozygous Tsk2 mice die in utero while heterozygous mice survive and 

develop cutaneous fibrosis.57 Compared to wild type littermates, heterozygous Tsk-2 mice skin 

showed increased dermal thickness and loss of adipose both of which have been observed in the 

skin of SSc patients. 63 Infiltration of mononuclear cells in the dermis was also reported in these 

mice; however, this finding is not consistent in the literature. 63 Lungs of mice were normal. In 

addition to fibrosis, these mice develop a variety of autoantibodies to Scl70, centromere, and DNA 

suggesting aspects of autoimmunity in this model. 57  

 

2.1.3 University of California at Davis line 200 (UCD-200) chickens 

The UCD line 200 strain of chickens spontaneously develop a SSc-like condition. 57 The UCD-

200 chicken was reported to display different clinical, histopathological, and serological 

phenotypes seen in SSc. However, in contrast to human SSc the phenotype in UCD 200 chickens 

appears to be more fulminant. An initial inflammatory stage occurs 1-2 weeks after hatching with 

the most prominent lesions observed in the comb (structure on top of the chicken’s head).64 

Initially, edema and Raynaud’s syndrome-like changes are observed and as a result combs become 

necrotic and are lost within 4 weeks.64 At this time, the chickens develop characteristic histological 
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features of SSc including vascular occlusion and perivascular mononuclear cell infiltration. 64,65 

Fibrosis of the skin, esophagus and lungs were reported; however, vasculopathy was studied more 

extensively and seems to be more relevant in this model.66,67 Additionally, UCD-200 chickens 

produced a variety of antibodies including anti-endothelial cell antibodies and anti-nuclear 

antibodies that have been identified in SSc patients. 64,68 

 

2.2 Transgenic mouse models  

 

2.2.1 Fos-related antigen-2 (Fra-2) mouse  

 

Fos-related antigen-2 (Fra-2) is a member of the activator protein (AP-1) family of transcription 

factors.69  Fra-2 is overexpressed in the lungs and skin of SSc patients. It participates in a variety 

of cellular processes including cell migration, proliferation, differentiation, and apoptosis. 69 In 

contrast to the spontaneous mutation models, the Fra-2 overexpressing mice develop skin fibrosis 

in combination with vasculopathy and lung fibrosis. 70  Similar to human SSc, Fra-2 mice displayed 

dermal thickening, a reduction in the number of dermal capillaries, and increase in the perivascular 

inflammatory infiltrates.71 These abnormalities were preceded by endothelial cell apoptosis. 

Histological analyses of lungs from Fra-2 mice showed increased pulmonary arterial occlusion 

and increased wall thickness resembling pulmonary arterial hypertension.70. This was 

accompanied by a pattern of lung injury analogous to NSIP, the most common form of SSc-ILD.70 

Assessment of the lung parenchyma showed thickening of alveolar septa by inflammation and 

fibrosis.70 These structural changes manifest with functional impairment, characterized by reduced 

lung compliance. 72 The Fra-2 mouse is a model of SSc-ILD and hypertension and can be used to 

delineate pathogenic mechanisms and test potential therapies.  

 

2.2.2 Friend leukemia integration factor -1 (Fli-1+/-)/Kruppel-like factor 5 (KLF5+/-) mouse 
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Kruppel-like factor 5 (Klf5) and Friend leukemia integration 1 (Fli1) are transcription factors that 

negatively regulate connective tissue growth factor (CTGF) and type I collagen transcription, 

respectively. 73 Human dermal fibroblasts transfected with Fli-1 had decreased mRNA expression 

of type 1 collagen whereas inhibition of Fli-1 using si-RNA resulted in the upregulation of type I 

collagen.74 Fli1 and Klf5 were both found to be downregulated in dermal fibroblasts of SSc 

patients. 73 Since these two transcription factors suppress CTGF and type I collagen, it was 

hypothesized that mRNA expression of these genes will be increased in double heterozygous mice 

for Fli1 and Klf5 (Klf5+/−; Fli1+/−). 73 Compared to wild type littermate controls, the expression of 

Col1a1, Col1a2, Col3a1, FN and Ctgf genes was increased.73 Histologically, there was thickening 

of the dermis with evidence of dense and irregular collagen fibers accompanied by loss of dermal 

appendages.73 These are all features resembling SSc skin changes. In the lungs of 8-month-old 

mice, there was thickening of the alveolar septa caused by fibrosis and lymphocytic infiltrates, 

reminiscent of human NSIP. 73 Klf5+/−; Fli1+/− mice also produce antinuclear antibodies and 

develop vascular changes with stenosis of arterioles and thickened vascular walls in the skin and 

lung. 73  

 

2.2.3 TGF-β Receptor 1 gain of function mice  

 

Transforming growth factor-beta (TGF-β) is a pleotropic growth factor which plays important 

roles in the regulation of immune responses, vascular morphogenesis, embryological development, 

and wound healing.75 TGF- β1 is the most abundant isoform and most frequently implicated in the 

pathogenesis of tissue fibrosis. TGF- β1 is produced by many cell types including macrophages 

and fibroblasts and many cells have receptors for this isoform on their surface. The binding of 

active TGF-β1 to type II serine/threonine kinase receptors (TGFβRII) results in the recruitment of 

type I serine/threonine kinase receptors (TGFβRI). TGFβRII transphosphorylates TβRI resulting 



 37 

in its activation and initiation of downstream events that ultimately regulate the transcription of 

fibrotic genes. In the absence of TGFβRI, TGFβRII can bind TGF-β but the receptor does not 

transduce the signal.  

 

A model was developed to selectively express constitutively active TGFβRI in skin fibroblasts of 

mice.76 With progressing age, mice developed severe skin fibrosis characterized by increased 

dermal thickness, loss of adipose tissue, and epidermal thinning. 76 Blood vessels in the lung show 

smooth muscle hypertrophy which is a histological finding of PAH in SSc patients. 76 

Immunohistochemical staining for von Willebrand Factor (vWF) show increased expression, 

suggesting that endothelial cell damage can be induced by aberrant TGF-β signalling.76  Similarly, 

elevation of vWF was reported in the serum of SSc patients.76  While this model reflects skin and 

vascular changes of SSc, there is no evidence of lung fibrosis or an autoimmune component.76  

 

2.2.4 Other emerging models  

Recently, several additional models have emerged for the study of SSc. Mice that are haplo-

insufficient for A20 (A20+/-), an ubiquitin-editing enzyme, were generated and were shown to 

develop greater fibrotic responses when treated with BLM compared to controls77.  A20+/- mice 

showed increased dermal thickness, Col1a1 and Col1a2 mRNA expression, and number of 

αSMA+ myofibroblasts in the dermis77. BLM induced exaggerated lung pathology in A20+/- mice 

with an increased fibrotic score and collagen accumulation and more pronounced architectural 

distortion77. Another animal model of SSc has been developed by injecting immunodeficient mice 

with peripheral blood mononuclear cells (PBMCs) derived from patients with SSc78. Compared to 

immunodeficient mice that were injected with PBMCs from healthy controls, mice injected with 

SSc PBMCs showed increased dermal thickness, inflammation, and vasculopathy in the skin78. In 
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the lungs, fibrosis, inflammatory, and vasculopathy scores were also increased in mice injected 

with SSc PBMCs78. A similar model has been explored that consisted of immunodeficient mice 

injected with PBMCs from SSc patients that were depleted of B and T cells79. However, this latter 

modelstudy was employed to emphasize the importance of B and T cells in the development of an 

inflammatory response in the lungs and production of autoantibodies79.  

 

2.3 Knockout Models  

 

2.3.1 Caveolin-1 knockout (Cav1-/-) 

 

Another strategy to sustain TGF-β signalling is through homozygous deletion of caveolin-1 (Cav-

1-/-). Caveolin-1 protein, encoded by the Cav1 gene, mediates lipid raft internalization which 

regulates the degradation of TGF-β receptors among other signalling pathways. Two endocytic 

pathways have been reported to independently mediate the internalization of TGF -β receptors: 

clathrin-mediated endocytosis and caveolin-mediated endocytosis.80 Caveolin-mediated 

endocytosis is required for receptor degradation whereas clathrin-dependent internalization 

promotes TGF-β signalling. 80 Cav1-/- mice develop vascular and fibrotic features including  skin 

fibrosis81, lung fibrosis81,82, cardiomyopathy83, and pulmonary hypertension83. Mice showed 

increased dermal thickness caused by accumulation of collagen.81  Lung histology show thickened 

alveolar septa consisting of inflammatory infiltrates and extracellular fibrillar deposits.82 Marked 

hypertrophy of type II alveolar cells is also observed.82  Compared to wild type littermates, 

pulmonary artery pressure is 90% higher in Cav1-/- mice indicating hypertension.83 This, in turn, 

causes right ventricular hypertrophy. 83 Elevated systemic levels of nitric oxide are thought to 

contribute to the observed cardiac phenotype.83  This models also supports the idea that constitutive 

activation of TGF-β signalling is a key step in the development of tissue fibrosis; however; is not 

sufficient to explain the vascular and autoimmune components of SSc.   
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2.3.2 Urokinase-plasminogen activator receptor knockout (uPAR-/-) mouse 

 

The urokinase-type plasminogen activator receptor (uPAR)- deficient mouse recapitulates the 

vascular and fibrotic features of SSc. uPAR is an important component of the fibrinolytic system 

and plays a key role in angiogenesis and extracellular matrix remodelling.84 The receptor is 

primarily expressed by monocytes/macrophages, fibroblasts, endothelial and smooth muscle cells. 

84 Urokinase-type plasminogen activator (uPA) binds to its receptor uPAR and cleaves 

plasminogen to yield active plasmin which promotes extracellular matrix degradation. Patients 

with SSc have decreased expression of uPAR in dermal fibroblasts.85  The function of uPAR is 

impaired in endothelial cells isolated from the dermis of SSc patients.86 SSc endothelial cells have 

a weak response to exogenous uPA and reduced ability to form capillary like structures.86 This 

demonstrates that an impaired uPA/uPAR system can diminish the angiogenic capacity of 

endothelial cells. 86 At 12-weeks of age, skin biopsies of uPAR deficient mice (uPAR-/-) show 

increased dermal thickness, replacement of adipose tissue by extracellular matrix, perivascular 

fibrosis accompanied by inflammatory cells in the deeper dermal layers, and increased 

myofibroblast counts.85 Vascular features such as endothelial cell apoptosis with subsequent 

decrease in microvascular density is also observed.85 Lung histology of  uPAR-/- display thickened 

alveolar septa caused by interstitial inflammation and collagen deposition, features reminiscent of 

NSIP.85  

2.4 Inducible mouse models  

 

2.4.1 Hypochlorous acid (HOCl) – induced mouse model of SSc   

 

2.4.1.1 Experimental protocol  

 

A recently described model of SSc is generated by daily intradermal injections of hypochlorous 

acid (HOCl). This model is reported to induce anti-Scl70 antibody production, oxidized serum 
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proteins, and fibrosis of the skin and internal organs87-89. The most recent and optimized protocol 

described uses female, 6-week-old mice injected with HOCl solution (consisting of NaClO and 

KH2PO4) 5 days a week for a period of 6 weeks. A total of 300µL of HOCl solution is injected in 

two sites (150µL each site) in the lower back of the animal87. The majority of studies used the 

BALB/c strain87-89 with the exception of one group using C57BL/6 mice90. Variations in protocols 

among the different published papers are described in Table 2. 

Table 2. Summary describing the protocols used to generate the HOCl mouse model of SSc among 

different papers.   

 

2.4.1.2 Putative mechanism of HOCl-induced SSc  

The mechanisms by which HOCl induces fibrosis are not entirely clear57. Initial publications 

proposed that HOCl-induced oxidative stress contributes to the generation of lung fibrosis89. The 

theory was that injections of HOCl increase levels of reactive oxygen species (ROS) which in turn 

cause the production of oxidized proteins89. These HOCl oxidized proteins generate advanced 
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oxidation protein products (AOPPs) which act as inflammatory mediators and are biomarkers of 

oxidative damage89. In vitro several proteins including albumin, IgG and Scl-70 were oxidized 

with HOCl and AOPPs were measured89. AOPPs generated from oxidized Scl-70 induced the 

greatest H2O2 production from endothelial cells and highest rate of fibroblast proliferation89. These 

effects were not observed in AOPP depleted serum but were consistent with serum from HOCl 

mice and SSc patients89. Based on these data it was proposed that AOPPs (primarily from oxidized 

Scl-70) contribute to the generation of lung fibrosis by propagating oxidative stress from the skin 

to the lungs via the bloodstream89. However, these experiments were not sufficient to make 

definitive conclusions and the authors acknowledged the need for future studies.  

2.4.1.3 HOCl induced SSc-like phenotype in BALB/c mice  

Among the reported features of the HOCl model, the skin fibrotic phenotype is best characterized. 

From day 14 to day 21 of injections, there was evidence of polymorphous cellular infiltrates and 

increased myofibroblast activation and proliferation in the skin87. During the second last week of 

injections cellular infiltrates were replaced by extracellular matrix87. mRNA expression of pro-

inflammatory cytokines IL1β and TNF-α was greater following 21 days of injections compared to 

42 days87. Immunostaining of cellular infiltrates at 21 days showed increase number of CD3+ T 

cells, B cells, and F4/80 macrophages87. At day 42, during the established fibrosis phase, mRNA 

expression of pro-fibrotic genes Col1a1, Col3a1, TGFβ1, and α-SMA and collagen content was 

significantly increased in the skin of mice exposed to HOCl88. This was consistent with histological 

findings which showed a thickened dermis caused by increased collagen deposition87,88. Other 

features of SSc-like skin changes were observed such as loss of dermal appendages and epidermal 

thickening87,88. HOCl injections were reported to induce kidney fibrosis with intima-media 

thickening of renal arteries which mimics the pathological changes of SSc89. Several papers have 
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reported the development of lung fibrosis with thickening of alveolar septa and presence of 

inflammatory infiltrates based on qualitative assessments of histological images87-89. 

Immunohistochemical staining showed that inflammatory infiltrates consisted predominantly of T 

lymphocytes89. Increased mRNA expression of fibrotic genes (Col1a1, Col3a1, TGFβ1,α-SMA)88 

and collagen content in the lungs was also observed88. Repetitive HOCl injections also induced 

the production of AOPPs and anti-Scl-70 antibodies88. 

2.4.1.4 HOCl induced a SSc-like phenotype in nuclear factor erythroid 2-related factor 2 (Nrf2-/-) 

mice  

Given that HOCl was proposed to induce fibrosis through mechanisms of oxidative stress, it was 

hypothesized that impairing physiological antioxidant defense mechanisms would exacerbate the 

effects of HOCl91. Nrf2 is a redox-sensitive transcription factor that regulates cellular responses 

against oxidative stress92. Under basal conditions Nrf2 is sequestered in the cytoplasm by Kelch-

like ECH-associated protein 1 (Keap1) resulting in E3 ligase mediated polyubiquitination and its 

subsequent proteasomal degradation92,93. Under conditions of oxidative stress, cysteine residues 

associated with the Keap1 redox-sensing domain are oxidized causing a confirmational change 

such that Keap1 can no long bind Nrf292,93. Consequently, Nrf2 translocates into the nucleus where 

it bind the transcriptional co-activator musculoaponeurotic fibrosarcoma oncogene homolog 

(MAF) and initiates transcription of antioxidant response element-associated genes93.  HOCl 

injections performed in Nrf2 knockout mice (Nrf2-/-) resulted in a more pronounced skin and lung 

phenotype91. Nrf2-/- mice that received HOCl injections had increased skin thickness, collagen 

content, and more severe skin pathology compared to wild type animals injected with HOCl91.  

Similarly, increased lung collagen content and exacerbated lung pathology was noted in  Nrf2-/- 
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HOCl-injected mice91. Additionally, levels of anti-Scl-70 antibodies were increased in the sera of 

HOCl-SSc mice91.  

2.4.2 Bleomycin mouse model  

2.4.2.1 Bleomycin source and clinical use  

The Bleomycin (BLM) family of antibiotics was originally isolated from the bacteria Streptomyces 

verticillis in 1966 94-96. Currently, BLM labelled indications are head and neck cancers, 

lymphomas, malignant pleural effusions, and testicular cancers97. However, the use of bleomycin 

is limited by its dose-dependent lung toxicity97. Up to 10% of patients can develop BLM-induced 

pneumonitis which can progress to lung fibrosis, of whom approximately 1% die97. This notable 

side effect of BLM led to its use as an agent to induce pulmonary fibrosis in animal models. 

2.4.2.2 Mechanisms of BLM-induced lung fibrosis 

The induction of lung fibrosis by BLM is associated with oxidative stress. In the presence of iron 

and oxygen, BLM forms an activated complex that catalyzes the formation of superoxide and 

hydroxyl radicals. These free radicals cause DNA strand scission and lipid peroxidation98,99.  

Consistent with this, depletion of iron with chelators attenuates bleomycin induced lung fibrosis, 

likely secondary to reduction in free radicals100. The direct administration of antioxidants or the 

stimulation of Nrf2, the master transcription factor for multiple antioxidant genes are also reported 

to modulate fibrosis in the BLM model101,102. Interestingly, the timing of the administration of 

BLM importantly determines the degree of lung injury as it correlates with the nadir of circadian 

Nrf2 activity that may be corrected with sulforaphane, the Nrf2 activator102. This observation 

further supports the key role of oxidative stress in the BLM lung injury. 

 



 44 

In addition to oxidative stress, BLM induced lung fibrosis requires the lack of the inactivating 

enzyme bleomycin hydrolase and is influenced by genetic factors103. The enzyme metabolizes 

BLM to a nontoxic molecule104. Notably, the lowest concentrations of BLM hydrolase are found 

in the skin and lung increasing the susceptibility of these organs to BLM toxicity. The response to 

BLM is also strain-dependent in mice, with BALB/c being more resistant to the effects of 

bleomycin than C57BL/6105. The strain variation is attributed to lower levels of bleomycin 

hydrolase in C57BL/6 mice compared to BALB/c103.  

 

Bleomycin alters the composition of the extracellular matrix consequently affecting the 

mechanical properties of the alveolar compartment. Collagen, elastin, and proteoglycans 

(components of the matrix) form the scaffold of the alveolar structure and are important in 

determining the mechanical properties of the lung parenchyma. It is suggested that changes in fiber 

subtypes and cross-linking of collagen fibrils are more important determinants of viscoelastic 

behaviour than absolute amount of collagen and elastin106. Fibrotic lesions, by their nature, are 

characterized by significantly enhanced mechanical forces relative to healthy tissue. Increased 

mechanical forces within tissues activate latent transforming growth factor -β (TGF- β) through 

integrin dependent mechanisms driving key fibrogenic processes, including myofibroblast trans-

differentiation which increases tissue stiffness and further activates TGF- β107. Bleomycin injury 

also leads to surfactant dysfunction making mouse lungs vulnerable to repetitive collapse which 

increases the degree of alveolar recruitment and decruitment during the breathing cycle108. This 

results in alveolar wall stress and can cause inflammatory exacerbations. Alveolar stress is a well-

described cause of lung injury and inflammation109.    

2.4.2.3 Different route of BLM administration and its associated phenotypes 
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BLM murine models are among the most commonly used to study pulmonary fibrosis110.  

Bleomycin can be administered through different routes. Intratracheal instillation of BLM 

generates an earlier lung injury with subsequent fibroblastic foci development resulting in 

bronchocentric distribution of fibrosis110,111. This contrasts intravenous and intraperitoneal 

administration which induces subpleural scarring111. Of relevance, a primary epithelial injury 

(intratracheal BLM) produces a similar pathological picture to a primary endothelial injury 

(intravenous BLM).  In both instances, alveolar type I cell damage occurs and triggers a repair 

process mediated by hyperplasia of alveolar type II cells, epithelial to mesenchymal transition and 

collagen synthesis. Early studies have shown that bleomycin delivered intratracheally induces the 

development of fibrosis that progresses or persists for 30-90 days after a single instillation 112,113. 

However, more recent reports demonstrate a self-limiting response that begins to resolve 3-4 

weeks post instillation 114,115. Spontaneous resolution of lung fibrosis was also observed with the 

BLM delivered systemically via osmotic minipump116. 

 

A study has directly compared the effect of BLM delivered by the intraoral route and systemically 

using a subcutaneously implanted osmotic minipump116. In the pump model, thickening of alveolar 

septa was predominantly observed in the subpleural region while little change was observed in 

central lung area116,117. This subpleural distribution of pulmonary fibrosis, a characteristic feature 

of NSIP, is a reproducible finding of the minipump model as reported by several other groups 117-

120. This is in contrast to the intraoral route where central and subpleural regions were affected to 

a similar extent116. In addition, the pump model showed moderate inflammation in the subpleural 

region and no inflammation in the central region whereas extreme inflammation occurred in both 

lung regions with intraoral administration116. The investigators have also analyzed SSc-ILD lung 
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samples. They report the level of inflammation in lung tissues to be more similar to inflammation 

observed in the minipump model than the intraoral mouse model116.  

 

In summary, SSc is an autoimmune disease that culminates in fibrosis of the skin and visceral 

organs. Although ILD is a leading cause of death among SSc patients, there is no single 

intervention that can reverse lung fibrosis. Research into potential treatments of SSc-ILD has been 

hampered by animal models which do not recapitulate key features of the human disease and 

whose ability to predict future clinical outcomes has been questioned. Therefore, to evaluate novel 

therapeutic agents of SSc-ILD a robust animal model is required.  

 

We hypothesize that administration of repetitive intradermal HOCl injection in BALB/c mice 

results in an immune, skin, and lung phenotype which mimics the pathological changes seen in 

SSc patients. We also hypothesize that systemic delivery of BLM via osmotic minipump results in 

lung fibrosis resembling SSc-ILD.  

The specific aims of our work are to: 

1. Characterize the skin, lung, and autoimmune phenotype in the HOCl mouse model.  

2. Characterize the lung phenotype in the BLM delivered by osmotic mini-pump mouse 

model.  
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Chapter 2: Methods 

2.1 Animals  

We followed the ‘Animal Research: Reporting of In Vivo Experiments (ARRIVE) guidelines to 

report animal research.121 For the HOCl-SSc mouse model, BALB/c mice were purchased from 

Charles River Laboratories, while NRF2-/- mice on a C57BL/6  background and corresponding 

wild type mice were purchased from Jackson Laboratories. All mice were female between 6-8 

weeks. Sex and strain were chosen based on previous literature on the model 88,89 and the 

knowledge that SSc is more common in women.122 For the generation of the BLM mouse model, 

male C57BL/6, 9-10-week-old mice were purchased from Jackson Laboratories. Animals were 

housed in a conventional animal facility at the Research Institute of the McGill University Health 

Centre (RI-MUHC). Male mice develop a more severe form of BLM induced lung fibrosis 

compared to females123. This justifies our choice of using male mice in these experiments. Animals 

were housed in Tecniplast GM500 cages with overall dimensions (W × D × H) of 391 × 199 × 160 

mm which were replaced every 2 weeks with clean/sterile cages. Animals received chlorinated 

water [diluted with a bleach concentration following Canadian Council on Animal Care (CACC) 

guidelines] which is monitored and tested daily by the animal facility staff. The water was 

dispensed via an automated sipper system directly to the individual cages. The temperature in the 

cages was set to follow CCAC guidelines and monitored 24/7. A nesting sheet, Enviro Dri 

(shredded paper) was used for environmental enrichment which allowed the animals to find a 

secluded spot atop the inside of the cage. Animals were fed with Teklad Irradiated Diet 2918, 

supplied by Envigo. Animals were treated in accordance with the guidelines of the CCAC and 

protocols were approved by the Animal Care Committee of McGill University.  
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2.2 Animal Models  

 

2.2.1 HOCl-SSc mouse model 

2.2.1.1 Overview of the protocol  

To induce lung fibrosis, we followed the methods established by Dr Alexandre Maria.87-89,91,124,125 

Specifically, mice were anesthetized with isoflurane (4% induction, 1.5-2.5% maintenance) and 

received intradermal injections of HOCl in two sites of the lower back (150 µL in each site, a total 

of 300µL) five days a week for 6 weeks. After 6 weeks, injections were discontinued, and 

experimental readouts were assessed. (Figure 1 & Figure 2).87,89 Dedicated experiments were 

conducted to test the effects of increasing the total volume of the injected solution to 400 µL 

(200µL per site) and prolonging the duration of injections for 2 additional weeks (8 weeks total). 

Different brands of commercially available bleach were also tested. 

 
 

Figure 1. HOCl-SSc mouse model. 6-week-old, female, BALB/c mice received daily intradermal 

injections of PBS or HOCl in the lower back for 6 weeks. The graph shows days 0-42. Skin 

thickness was assessed weekly by caliper. Mice were sacrificed on day 42.  
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Figure 2. Experimental readouts assessed in the HOCl-SSc model. Mice were weighed daily, and 

skin thickness was measured weekly. After 42 days, flexiVent assessment was first performed 

followed by BAL and blood sample collection for evaluating levels of AOPPs and anti-Scl70 

antibodies. Lastly, lungs and skin were harvested for histological assessment and quantification of 

mRNA expression of profibrotic genes.  

 

2.2.1.2 Preparation of hypochlorous acid solution 

Potassium dihydrogen phosphate (KH2PO4) buffer solution was preprepared as previously 

established87 a concentration of 100mM with a pH of 6.2. The KH2PO4 solution was stored at 4°C 

for a maximum of 3 months. Commercial bleach at a concentration of 4% was used. The bleach 

bottle was replaced every 3 weeks, once opened. The HOCl solution was prepared at a final 

concentration of 0.096%. A spectrophotometer was used to ensure that the optical density 

measured at a wavelength of 292 nm was between 0.7 and 0.9 (arbitrary units). The HOCl solution 

was prepared fresh each day and its optical density was measured every day. The control group 

received injections of PBS.87,89  

 

2.2.1.3 Intradermal injections 

 

The student who performed all experiments (AM) was trained in performing intradermal injections 

by a Clinical Veterinarian at the RI-MUHC. A blue food colorant was used to improve 

visualization of the injections. A circular bleb was seen upon injection of the dye indicating a 
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successful intradermal injection (Figure 3, a). The dorsal skin of the mouse was excised, and the 

dye was contained within the bleb (Figure 3, b). This confirmed that the injections were performed 

adequately. 

 

Figure 3. Validation of intradermal 

injections using blue food colorant. a. A 

successful intradermal injection shows a 

bleb under the skin. b. Excision of the skin 

shows the bleb is contained within a pocket. 

2.2.1.4 Skin thickness 

Skin thickness was measured using a digital caliper (Mitutoyo 547-500S) at three different 

locations on the lower back of the mouse where injections were performed (Figure 4). The average 

of the 3 measurements was recorded and compared overtime. 

 

2.2.2 BLM-minipump mouse model 

 

2.2.2.1 Overview of the protocol  

We followed the methods described by Lee et al. (2014).116 Osmotic minipumps (ALZET 1007D; 

DURECT, CA) containing either 100µL of BLM (Adooq. Bioscience, A10152-10) or phosphate 

 

Figure 4. A graphic representation showing the 3 areas on the 

mouse where skin thickness measurements were obtained. This is 

indicated as i,ii,iii.  
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buffer saline (PBS) were implanted subcutaneously in ten-week-old C57BL/6 mice. Minipump 

contents were delivered as a continuous infusion at a rate of 0.5µL per hour for 7 days. 116 Prior to 

the implantation of the minipumps, the mice were anesthetized in an induction chamber for 5-10 

minutes with isoflurane (vaporizer was set to 4%). For anesthesia maintenance, a tight-fitting mask 

was used and the isoflurane vaporizer was set to 1.5-2.5%. Oxygen flowmeter was adjusted to 0.8 

to 1.5L/min. (McGill SOP 110.05 – Mouse Anesthesia).  The upper back of the animal was shaved 

and skin was cleaned with chlorhexidine and ethanol. A mid scapular incision was made and a 

haemostat was inserted into the incision to create a pocket for the pump. The pump was inserted 

with the exit port towards the caudal end of the animal. The wound was closed with sutures or 

wound clips. Post-implantation, animals were placed inside a heated cabinet, 1mL of saline was 

administered subcutaneously and mice were given wet food (2918 Teklad chow mixed with 

drinking water) and saline (Baxter JB1302) for 3 days. Pumps were removed on day 10 as per 

manufacturer recommendations. Mice were sacrificed on day 28 and readouts were performed 

(Figure 5). The experimental timeline is shown in Figure 6. 

 

 

Figure 5. Experimental readouts in the BLM-MP model. Following minipump implantation mice 

were weighed daily. At the time of study termination, the flexiVent was performed followed by 

micro-CT and harvesting of organs.   
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Figure 6. Experimental timeline for the 

generation of the BLM-MP mouse model.  

BLM or PBS was delivered systemically 

via osmotic minipump implanted in 

C57BL/6 mice. Outcomes were evaluated 

on day 28.  

  

 

 

2.2.2.2 Bleomycin dose  

Initial experiments were performed to determine the optimal BLM dose that induced lung injury 

and was well tolerated by the animals. Based on the results of these experiments we proceeded to 

further characterize lung involvement in animals treated with a BLM dose of 60mg/kg.  

 

2.3 Experimental Techniques 

2.3.1 Measurement of respiratory mouse mechanics  

Methods to assess respiratory mouse mechanics were adapted from McGovern et al 2013.126,127 

Mice were sedated with xylazine (8 mg/kg; intraperitoneally) and anesthetized with pentobarbital 

sodium (30 mg/kg; intraperitoneally). They were tracheostomized using an 18-gauge metal 

cannula; connected to a computer controlled small animal ventilator (flexiVent™, SCIREQ, 

Montreal, PQ, Canada) and normal tidal ventilation was initiated. Mice were mechanically 

ventilated at 150 breaths/minute with a positive end expiratory pressure (PEEP) of 3cmH2O. One 

deep inflation maneuver was performed at 27cmH2O to open closed airways and to normalize lung 
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volumes. Subsequently, a muscle relaxant was administered (rocuronium bromide; 0.2mg/kg) 

intraperitoneally. This was followed by 3 minutes of mechanical ventilation to allow the mice to 

adjust to the ventilator and for the rocuronium to have an effect. In the absence of spontaneous 

breathing, lung mechanical properties were assessed. This was done using a sequence of 

measurements integrated by default in the flexiVent operating software and referred to as the 

mouse mechanics scan.128 The maneuvers/measurements that compose this sequence are outlined 

in Table 3. 126,128 

Table 3. Description of maneuvers / outcomes composing the mouse mechanics scan sequence. 

Adapted from references. 126,128 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 54 

2.3.2 Calculation of respiratory mechanical parameters 

2.3.2.1 P-V curve 

The static pressure-driven partial pressure-volume (P-V) loop was used to measure the static 

compliance of the lung.  It was constructed by a stepwise inflation of the lung from positive end 

expiratory pressure (PEEP, 3cmH2O) to 30 cmH2O and a slow deflation in a similar manner. 128 

This procedure was repeated three times and data were averaged to generate a single P-V curve. 

During the inflation and deflation, lung pressure and volume were recorded. The static compliance 

was obtained from the slope of a line segment connecting two points within the linear range of the 

expiratory limb. Therefore, compliance was expressed as a change in volume for a given change 

in pressure: Cst = (V2-V1)/(P2-P1); where Cst is static compliance, V is volume and P is pressure. 

128 

2.3.2.2 Respiratory system resistance and elastance  

Total respiratory system resistance (Rrs) is a combination of airway, tissue, and chest wall 

resistance. Likewise, total respiratory system elastance (Ers) consists of lung and chest wall 

elastance. The piston of the mechanical ventilator can apply small amplitude pressure-driven 

oscillations to the airway opening (i.e. single frequency oscillation technique, SFOT) which is used 

to measure dynamic properties of the lung.126 The flexiVent software calculates Rrs and Ers by 

fitting the equation of motion of a single compartment linear model to the data generated by the 

SFOT.129  

2.3.3 Micro-computed tomography (CT) 

2.3.3.1 Image acquisition  

Upon completion of the flexiVent measurements, the mouse was disconnected from the Y-tubing, 

the metal cannula was removed, and an 18-gauge plastic cannula was inserted into the trachea and 
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secured in place. The cannula was connected to a manometer and lungs were inflated to a pressure 

of 25cmH2O to standardize lung inflation and ensure comparability of the morphology of lung 

sections. The trachea was quickly bound with a string and the cannula was removed.  

The mouse was immediately transferred to the nanoScan SPECT/CT for small animals (Mediso 

Medical Imaging Systems, Budapest, Hungary) and imaged at the Small Animal Imaging Labs 

(SAIL), RI-MUHC. The following scan parameters were used: 1) number of projections: 480; 2) 

scan method: semicircular; 3) rotations: 1; 4) x-ray voltage: 35 kilovoltage peak (kVp); 5) amps: 

980 microamps (µA); 6) exposure time: 450 milliseconds (ms), and 7) resolution: 42 micrometers 

(Mediso Imaging System scan parameters).  

2.3.3.2 Image analysis  

Analysis was performed by a PET/SPECT specialist at the SAIL, RI-MUHC as described by Lv 

et al (2013) 130. The original CT scan was cropped to obtain only the lung image and automatic 

segmentation of the whole lung was performed using a MATLAB® software developed by SAIL. 

Airways were then excluded from the segmented lung image. The image was converted from grey 

levels to CT numbers termed Hounsfield units (HU). This conversion is a linear transformation, 

setting – 1000HU as the density of air and 0 as the density of water. The mean HU and standard 

deviation were calculated for the whole lung.  The software also provided a value representing the 

sagittal plane which allows the separation into left and right lungs. The mean HU for the left and 

right lung was then calculated. Similarly, two other values represent two transverse planes which 

allows the separation of the lung into lower, central and upper parts. The mean HU for these parts 

of the lung was also calculated.  

The poorly aerated tissue refers to a low gas to tissue ratio and was used to assess the extent of 

injury caused by BLM. The poorly and normal aerated compartments of the lung are defined by a 
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range of HU. The images of aerated  lung are defined as HU between -900 and -500, while affected 

lung as HU between -500 and -100].117 

 

2.3.4 Bronchoalveolar lavage (BAL) fluid analysis  

BAL processing and analysis was adapted from Farahnak et al. (2019).127 Following lung 

mechanics measurements, BAL was performed in animals that did not undergo micro-CT imaging 

by instilling 1mL of cold PBS via the tracheal cannula and subsequently recovering approximately 

0.8mL of fluid by gentle suction. BAL fluid was centrifuged at 3000rpm for 5 minutes. The cell 

pellet was resuspended in PBS and cells were counted on a haemocytometer. The BAL cell 

suspension was deposited on a glass slide by cytocentrifugation at 1000rpm for 5 minutes using 

the Epredia™ Cytospin™ 4 Cytocentrifuge. Cells were fixed and stained with Diff-Quick (Fisher 

Scientific, Kalamazoo, MI). Differential cell counts were determined by calculating the percent of 

macrophages, lymphocytes, neutrophils, and epithelial cells from a count of three hundred cells.  

2.3.5 Lung and skin histology 

2.3.5.1 Tissue collection  

For the HOCl model, on day 42, skin biopsies from the dorsum of the animals within the area of 

injections were performed. For the BLM model, on day 28, skin biopsies were taken distal to the 

location of the minipump. For both models, following harvesting, lungs were inflated through the 

tracheal cannula with 10% buffered formalin with a distending pressure of 25cmH2O for 10 

minutes. 131 The trachea was then tied off with a thread and the inflated lungs were removed. The 

skin and lungs were both submerged in formalin for 24-48h prior to processing and embedding in 

paraffin for histology sections. 131 

2.3.5.2 Hematoxylin and eosin (H&E) staining  
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The H&E protocol was adapted from Slaoui and Fiette (2011).132 After fixation in formalin, the 

ASP 300S tissue processor (Leica Microsystems, Germany) was used to process the skin and lung 

tissues. The Routine Overnight Program was selected, and samples were dehydrated with graded 

concentrations of ethanol, cleared with xylene and embedded in paraffin wax using the Leica 

EG1150 H Paraffin Embedding Station. The Leica RM2235 Rotary Microtome was used to cut 

sections of 4µm thickness and dried at 60°C. Subsequently, sections were dewaxed with xylene 

for 10 minutes twice and rehydrated with graded concentrations of ethanol (100%, 90%, 70%, 10 

minutes in each bath). Sections were stained with Hematoxylin Gill II for 2.5 minutes, washed 

with tap water, submerged in lithium carbonate solution for 20 seconds, and stained with eosin. 

Sections were then dehydrated with ethanol (70%, 90% 100%, 10 seconds in each bath), cleared 

in xylene and coverslips were mounted with Cytoseal. Sections were scanned using the Aperio AT 

Turbo Scanner. An expert dermatopathologist (Dr Waters) and lung pathologist (Dr Fraser) 

assessed the skin and lung findings respectively and validated the analysis.  

2.3.5.3 Masson’s Trichome (MT) staining  

Skin and lung sections were deparaffinized, hydrated and stained with Masson’s Trichome (Sigma-

Aldrich, St. Louis, Missouri) according to the manufacturer’s instructions. Briefly, sections were 

placed in Bouin’s solution, a preferred fixative for MT staining as it increases the contrast between 

tissue components and intensifies the colours. Sections were then rinsed, stained with Working 

Weigert’s Iron Hematoxylin Stain (stains nuclei dark purple/black) and Biebrich Scarlet-Acid 

Fuchsin Solution (stains cytoplasm, muscle and collagen red).133 Subsequently sections were 

rinsed and immersed in phosphotungstic-phosphomolybdic acid solution which is used as a 

decolourizer causing Biebrich Scarlet-Acid Fuchsin to diffuse out of collagen fibers.133 Next, 
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sections were stained with Aniline blue which stains collagen.133 To better differentiate the colors 

of the stained tissue structures, slides were incubated in 1% acetic acid.  

2.3.5.4 Picrosirius Red (PSR) staining and analysis  

Skin and lung sections were deparaffinized, hydrated and stained with picrosirius red (Abcam) for 

1 hour at room temperature. Sections were rinsed in acetic acid solution (0.5%) and were 

subsequently dehydrated and cleared with xylene. PSR-stained slides were scanned and automated 

image analysis was performed on 3 non-contiguous sections from the left lung using the Aperio 

Pixel Count Algorithm. The algorithm detects pixels that match the input parameters which are 

based on the hue, saturation and intensity color model. To detect collagen with PSR, the default 

hue value was used (0.10), a hue width of 0.40 and color saturation of 0.08 were specified. 134,135 

Collagen content (expressed in pixels) was corrected to the area of each lung determined by manual 

digitization of the outer perimeter of the lung. 

2.3.6 Quantification of dermal thickness  

Masson’s Trichrome or PSR stained slides of mouse skin sections were scanned using the Aperio 

® AT Turbo Scanner (Leica Biosystems) and analyzed using the Aperio ImageScope (Leica 

Microsystems, USA) at 20X magnification. Dermal thickness was measured from the dermal-

epidermal junction to the dermal-adipose junction. Either two or three skin biopsies per mouse 

were used for analysis. Three random measurements were taken per section.  

2.3.7 Advanced oxidation protein products (AOPPs)  

The protocol used for obtaining serum was adapted from “Blood Collection and Sample 

Preparation for Rodents” (IDEX BioAnalytics).136 Blood from PBS and HOCl injected mice was 

obtained after the completion of FlexiVent measurement by cardiac puncture and collected in tubes 

(BD Microtainer ®). To prevent hemolysis, the needle was removed from the syringe prior to 
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depositing the blood in the collection tubes. Tubes were centrifuged at 3800rpm for 10 minutes 

using a mini centrifuge (Eppendorf® centrifuge 5424). The serum was aliquoted in 1.5mL 

Eppendorf tubes and stored at -20°C until the levels of advanced oxidation protein products 

(AOPPs) and anti-Scl70 antibodies were determined. 

Serum from PBS and HOCl injected mice was diluted 1/20 in PBS and 200μL was pipetted in a 

96-well plate. A solution of Chloramine T (100μM) was used to prepare the standard curve. All 

samples and standards were run in duplicate. An aliquot of 10μL of 1.16 M potassium iodide was 

added to each well, mixed and incubated for 5 minutes at room temperature. Next, 20μL of acetic 

acid solution was added to each well to stop the reaction. Optical density was read at 340nm on a 

microplate spectrophotometer (LKB Pharmacia 4050 UltroSpec II UV-Vis). The sample AOPP 

content was calculated using the Chloramine T standard curve. 89  

2.3.8 Anti-topoisomerase I autoantibodies (ELISA) 

A mouse Anti-Scl-70 ELISA kit (Signosis, EA-5205) was used to measure anti-Scl-70 antibodies 

in the serum of HOCl and PBS injected mice. ELISA was conducted following the specifications 

of the manufacturer. The kit contained a positive and negative control. Optical density was read at 

540 nm on a microplate spectrophotometer.  

2.3.9 Lung hydroxyproline assay  

Lung hydroxyproline content was analyzed with a hydroxyproline colorimetric assay kit (Abcam, 

Ab222941) following manufacturer's instruction. The lungs from PBS and HOCl mice were 

hydrolyzed in 10N NaOH for 1 h at 120°C to obtain individual amino acids. Cold samples were 

neutralized with 10N HCl. Hydroxyproline was converted to pyrolle-2-carboxylate by oxidation 

via addition of chloramine-T. 3-dimethylamino benzoic acid was added to the intermediate product 

and incubated at 65°C for 45 minutes forming a colored complex. The absorbance was measured 
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at 560 nm using a microplate reader (LKB Pharmacia 4050 UltroSpec II UV-Vis) and the 

micrograms of hydroxyproline per milligram of lung were calculated based on the standard 

curve.137  

2.3.10 mRNA expression of pro-fibrotic markers   

 

2.3.10.1 RNA Isolation 

The mouse right lung and an amount of skin of approximately 30mg were dissected, transferred to 

2mL screw-top tubes (Heathrow Scientific HEA10060), snap frozen and stored at -80°C until RNA 

isolation. Homogenization beads and lysis buffer with tris(2-carboxyethyl) phosphine (TCEP) was 

added to the frozen tissues and homogenized (607, Mini-BeadBeater-16). Lung and skin RNA 

were extracted using the Nucleospin ® RNA kit (Macherey-Nagel™ 740955.50) and RNeasy Mini 

Kit (Qiagen, Inc), respectively, according to the manufacturer’s instructions. The purity of RNA 

was verified by a microplate reader (Take3™ Micro-Volume Plate) using the Gen 5™ software.  

 

2.3.10.2 Reverse Transcription and Real-Time quantitative PCR 

Following RNA isolation, cDNA was synthesized with the LunaScript® RT SuperMix Kit 

(NEB #E3010) according to the manufacturer’s instructions using a thermocycler (Applied 

Biosystems™ Veriti™). A total of 500ng total RNA was reverse transcribed into cDNA. Real time 

quantitative PCR was performed using SYBR® Green PCR Master Mix (Applied Biosystems, 

Foster City, CA). The primers used are listed in Table 4. cDNA was amplified using Step-One-

Plus machine (Applied Biosystems). The following cycling method was used: a holding stage 

(95°C for 10 min), a cycling stage (45 cycles at 95°C for 15 seconds, 60°C for 30 seconds, 72°C 

for 25 seconds) and a melting curve stage (95°C for 15 s, 60°C for 45 s, 95°C for 30 s). Relative 

mRNA expression was calculated using the ΔΔCt method. Data were normalized to the 

housekeeping gene, Peptidylprolyl Isomerase A (PPIA). The transcriptional stability of commonly 
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used reference genes (S9, GAPDH, SDHA, PPIA, HPRT-1) was investigated in BLM- and HOCl-

treated mouse lungs. PPIA demonstrated the highest transcriptional stability. 

Table 4. Primer sequences used for RT-qPCR. 

2.3.11 Lung immune cell repertoires  

The flow cytometry protocol was adapted from Kahn et al. 2020. 138 Both mouse lungs were 

removed and were placed on ice in a 15mL tube containing 2mL of RPMI-1640 medium. 

Collagenase (Sigma-Aldrich, C5138) solution was prepared at a concentration of 300U/mL and 

kept at 37°C until use. Lungs were transferred into a 6-well plate containing collagenase at a final 

concentration of 150U/mL. Lungs were minced and incubated for 45 minutes at 37°C and 5% CO2. 

Using an 18G needle and a 10mL syringe, the minced lung was passed through a 70μm nylon 

strainer into 50mL tube. Using a circular motion, the tissue was pressed against the bottom of the 

strainer with the plunger of a 5mL syringe. This was repeated for a total volume of 12mL. The cell 

suspension was centrifuged at 1700rpm for 10 minutes and the supernatant was discarded. Red 

blood cells (RBC) were then lysed using the RBC lysis buffer (BioLegend, 420301). After 2 

minutes of incubation with the RBC lysis buffer, the reaction was stopped by completing to a 

volume of 25mL with RPMI. The cell suspension was centrifuged at 1700rpm for 7 minutes and 

the supernatant was discarded. Cells were counted on a hemocytometer.  
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For immunophenotyping leukocyte subsets in murine lung tissue, 1.5 × 106 cells from each lung 

sample were plated in 96-well v-bottom plates. Cells were washed two times in 200μL of PBS, 

stained with eFluor506 viability dye (1:1000 dilution, eBioscienceTM) and incubated at 4°C for 10 

minutes. Next, cells were washed once with PBS and incubated at 4°C for 10 minutes with anti-

CD32/16 to block Fc receptors (BioLegend, B266361). Cells were then washed twice in FACS 

buffer (1% BSA in PBS) and incubated at 4°C for 30 minutes with the antibodies outlined in Table 

5. Cells were washed twice with FACS buffer and fixed using the fixation reagent and dilutent 

(Invitrogen™) for 20 minutes. All samples were acquired using the LSRFortessa x-20 flow 

cytometer. Analysis was performed using FlowJo V10 software. Fluorescence minus one (FMO) 

controls were used to set the upper boundary for background signal on the omitted label, and to 

identify and gate positive populations. 

 

Table 5. Flow cytometry antibodies.  

 

 

2.3.12 Statistical analysis  

 

GraphPad Prism 9 software (GraphPad Software Inc., San Diego, CA, USA) was used for 

statistical analysis. A minimum of 3 mice was included in all experiments. Data are expressed as 

mean ± standard error of the mean (SEM).  non-parametric Mann-Whitney U test was used to 
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compare two groups. Two-way ANOVA was used for analysis of P-V loops and mouse body 

weight (repeated measures). A p-value less that 0.05 was considered statistically significant.  
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Chapter 3: Results 

3.1 HOCl-SSc model using BALB/c mice 

3.1.1 Effect of intradermal HOCl injections on body weight  

Weight loss is a known adverse side effect of inducible models of lung fibrosis.139 No change in 

body weight was observed between HOCl and PBS-injected mice over the course of 6 weeks 

(Figure 7). 

Figure 7. Intradermal HOCl injections did 

not affect BALB/c mice body weight. 

Horizontal dashed line represents the weight 

for euthanasia (weight loss of 20%). n=8-11 

mice per group, graphs depict mean ± SEM. 

Two-way ANOVA, p>0.05. 

 

3.1.2 Skin changes following HOCl injections 

To assess skin fibrosis in HOCl injected mice, we measured skinfold thickness with calipers, 

performed histological assessment of H&E and MT stained sections, and evaluated mRNA 

expression of profibrotic genes. Compared to PBS injected mice, HOCl mice had increased skin 

thickness at all timepoints except baseline (D0) (Figure 8, a). H&E stained skin sections of HOCl 

injected mice showed areas of epidermal hyperplasia, hyperkeratosis, and loss of adipose tissue 

and appendages. Those affected areas alternated with less/non-affected areas (Figure 8, b). 

Inflammation extending into the superficial layer of the muscle bundles was also observed (Figure 

8, b). MT sections showed both areas of irregular and homogeneous collagen bundles in the dermis. 

In HOCl injected mice, evidence of fibrosis was also observed in the deep reticular dermis (Figure 

8, b). Histological assessment showed HOCl mice to have increased dermal thickness compared 
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to PBS mice (Figure 8, d). Lastly, mRNA expression of Col1a1, ACTA2 and Col3a1 was elevated 

in HOCl treated mice (Figure 8, d).  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8. HOCl injections induce local skin fibrosis with spatial heterogeneity. a. Mice skin 

thickness increases over the course of 6-weeks of HOCl injections. n = 11-14 mice per group, 

graphs depict mean ± SEM. Two-way ANOVA, ** p=7.50 × 10-3, **** p< 1.00 × 10-4. b. 
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Representative skin images of H&E and MT staining of PBS and HOCl-treated mice. Overview 

and ×20 magnification. Scale bar: 90 μm. H&E sections of HOCl mice show epidermal hyperplasia 

and hyperkeratosis (black arrow, i); loss of adipose tissue/appendages (ii); and inflammation 

extending into the superficial muscle layer (iii). Yellow arrows in the MT-stained sections show 

dermal measurements (MT stained sections, HOCl row, panel i). c.  Average measurements of 

dermal thickness. n=5-8 mice per group, graphs depict mean ± SEM. Mann-Whitney U test, **p= 

1.60 × 10-3. d. Col1a1, ACTA2, and Col3a1 mRNA expression in PBS and HOCl mice. n=6 mice 

per group, graphs depict ± SEM. Mann-Whitney U test, *p=0.026, **p< 5.0 × 10-3. Abbreviations: 

ns: not significant.  

 

3.1.3 Effect of HOCl injections on lung function and histology   

 

We determined the effect of HOCl on lung compliance performing in vivo lung function 

measurements (flexiVent). At Day 42, there was no difference between the partial PV loops of 

PBS and HOCl injected mice (Figure 9, a). Static compliance confirmed the lack of difference 

between the two groups (PBS vs HOCl, ml/cmH2O/g: 3.50 × 10-3 ± 9.30 × 10-5  vs 3.36 × 10-3 ± 

4.61 × 10-5 ) (Figure 9 ,b). H&E, MT and PSR-stained lung tissue sections showed no histological 

abnormalities (Figure 9, c). Quantitative image analysis performed on PSR-stained slides showed 

no differences in the number of positive pixels between PBS and HOCl treated mice (PBS vs 

HOCl, positive PSR pixels/mm2: 2224378 ± 152187 vs 2064449 ± 159647) (Figure 9, d). 

Furthermore, no difference was observed in the mRNA expression of pro-fibrotic markers ACTA2, 

TGF-β1, Col1a1, Col4a1 and FN (Figure 9, e-i). A strategy attempted to elicit lung fibrosis 

involved prolonging the duration of HOCl injections. Administration of HOCl for a period of 8 

weeks (instead of 6) had no effect on lung compliance (PBS vs HOCl, ml/cmH2O/g: 3.19 × 10-3 ± 

4.25 × 10-4  vs 2.82 × 10-3 ± 2.15 × 10-4) (Figure 10, a &b). H&E-stained sections from HOCl 



 67 

injected mice were comparable to those of PBS (Figure 10, c). MT-stained sections did not show 

any evidence of collagen deposition in the lung parenchyma (Figure 10, c). Together, these data 

indicate that chronic exposure to intradermal HOCl injections does not result in lung fibrosis.  
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Figure 9. Intradermal HOCl injections (6 weeks) did not impair lung function or induce lung 

fibrosis. a. Mean pressure-volume (P-V) loops for PBS and HOCl-injected mice. b. Static lung 

compliance (Cst), n=20-24 mice per group, graphs show mean ± SEM. Mann-Whitney Test, p=0.18 

c. Micrographs of H&E, MT and PSR- stained lung sections (overview and ×20 and ×40 

magnification). Scale bar: 100 μm (×20 magnification) and 50 μm (×40 magnification). n=11-15 

d. Image analysis of PSR-stained slides. n=7-8 mice per group, graphs show mean ± SEM. Mann-

Whitney Test, p=0.23. Relative gene expression of (e), α-smooth muscle actin (ACTA2), (f) 

transforming growth factor β1(TGF- β1), (g) collagen type I alpha 1 (Col1a1), (h) collagen type 

IV alpha 1 (Col4a1), and (i) fibronectin (FN) in lung tissue on day 42. Abbreviations: ns: not 

significant.  
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Figure 10. Intradermal HOCl injections (8 weeks) do not impair lung function or induce lung 

fibrosis. a. Mean pressure-volume (P-V) loops for PBS and HOCl-injected mice. b. Static lung 

compliance (Cst). n=5-6 mice per group, graphs show mean ± SEM. Mann-Whitney test, p=0.64. 

c. Micrographs of H&E and MT-stained lung sections. Images show an overview of the lung and 
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×20 and ×40 magnification (from left to right). Scale bar: 100 μm (×20 magnification) and 50 μm 

(×40 magnification). n=2-6 mice per group. Abbreviations: ns: not significant. 

 

3.1.4 The effect of HOCl injections on BAL leukocytes and macrophage phenotype  

Inflammatory cells are reported to precede and mediate the development of fibrosis by releasing a 

variety of proinflammatory factors that inflict tissue injury.140-143 Therefore, we tested whether 

intradermal HOCl injections induced lung inflammation. Evaluation of inflammatory cell 

infiltrates in the BALF showed no difference in total white blood cell counts or differential cell 

counts between PBS and HOCl-injected animals (Figure 12, a). Lung tissue was analyzed by flow 

cytometry in a subgroup of mice for a more detailed phenotypic analysis of immune cells. 

Representative contour plots of the flow cytometry gating strategy are shown in Figure 11. 

Compared to PBS mice, HOCl injected mice showed no difference in the number of eosinophils 

(PBS  vs HOCl, absolute numbers: 60213 ± 19221 vs 27265 ± 7991), alveolar macrophages (PBS 

vs HOCl, absolute numbers: 45065 ± 7205 vs 63792 ± 10779), neutrophils (PBS vs HOCl, absolute 

numbers: 579732 ± 87053  vs 576460 ± 80495), macrophages (PBS vs HOCl, absolute numbers: 

324930 ± 40016  vs 459118 ± 43661), inflammatory monocytes (PBS vs HOCl, absolute numbers: 

113795 ± 18204  vs 139415 ± 12532), inflammatory monocyte derived macrophages (PBS vs 

HOCl, absolute numbers: 284930 ± 37756  vs 409492 ± 52010) and interstitial macrophages (PBS 

vs HOCl, absolute numbers: 35623 ± 7524 vs 35310 ± 4262) (Figure 12, b-h). These findings 

indicate a lack of an inflammatory response following HOCl treatment.  
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Figure 11. Representative flow cytometry gating strategy adapted from Pernet et al. 2019.138 (1) 

Eosinophils (SiglecF+, CD11b+); (2) alveolar macrophages SiglecF+, CD11b-; (3) neutrophils 

(SiglecF-, CD11b+, Ly6G+); (4) macrophages (SiglecF-,CD11b+, Ly6G-, F4/80+, Ly6C+/-); (5) 

inflammatory monocytes (SiglecF-, CD11b+, Ly6G-, F4/80-, Ly6C+); (6) inflammatory monocyte 

derived macrophages (SiglecF-, CD11b+, F4/80+, Ly6C+); (7) interstitial macrophages (SiglecF-, 

CD11b+, F4/80+, Ly6Clow/neg).  
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Figure 12. HOCl injections did not induce lung inflammation. a. Total and differential cell count 

from BALF of HOCl and PBS-injected mice. n=9-15 mice per group, graphs show mean ± SEM. 

Two-way ANOVA, p>0.05. Quantification of total numbers of eosinophils (SiglecF+, CD11b+) 

(b), alveolar macrophages (SiglecF+, CD11b-) (c), neutrophils (SiglecF-, CD11b+, Ly6G+) (d), 

macrophages (SiglecF-,CD11b+, Ly6G-, F4/80+, Ly6C+/-) (e), inflammatory monocytes (SiglecF-, 

CD11b+, Ly6G-, F4/80-, Ly6C+) (f), inflammatory monocyte derived macrophages (SiglecF-, 

CD11b+, F4/80+, Ly6C+) (g), and interstitial macrophages (SiglecF-, CD11b+, F4/80+, Ly6Clow/neg) 

(h). n=6 mice per group, graphs show mean ± SEM. Intergroup differences were tested with Mann-

Whitney Test, p>0.05. Abbreviations: ns: not significant.  
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3.1.5 The effect of HOCl injections on the production of AOPPs and anti-Scl70 antibodies  

An initial study describing the HOCl-SSc model suggested that HOCl leads to the development of 

lung fibrosis by promoting oxidative stress.89 Specifically, through the generation of AOPPs in the 

skin with subsequent propagation to the lungs. We did not observe increased concentrations of 

AOPPs in the sera of HOCl mice (PBS vs HOCl, µmol/L: 47.21 ± 11.62 vs 40.12 ± 10.87) (Figure 

13, a). The development of fibrosis was also reported to be associated with the production of anti-

Scl70 antibodies.89 All HOCl mice we report were seronegative for anti-Scl70 (PBS vs HOCl, 

arbitrary units: 0.19 ± 0.02 vs 0.21 ± 0.01) (Figure 13, b). These data suggest a lack of systemic 

involvement following HOCl injections.   

 

 

 

 

 

 

 

 

 

Figure 13.  Intradermal HOCl injections neither induced the production of AOPPs nor anti-Scl 70 

antibodies. a. AOPPs concentration in sera from PBS and HOCl-injected animals. n=6 mice per 

group. b. anti-Scl 70 serum levels. n=18-25 mice per group. Group comparisons were done with 

Mann Whitney test. Abbreviations: ns: not significant.  

 

 

 



 74 

3.2 HOCl-SSc model using Nrf2-/- mice  

 

3.2.1 The effect of intradermal HOCl injections on Nrf2-/- mice body weight 

To test the hypothesis that oxidative stress enhances the generation of lung fibrosis in the HOCl 

model, HOCl was injected in mice more susceptible to oxidative stress (Nrf2 knockout mice: Nrf2-

/-). Under oxidative stress conditions, the Nrf2 transcription factor binds to the antioxidant response 

element (ARE) in the promoter of genes coding for antioxidant enzymes and proteins driving their 

expression. Nrf2 deficient mice have increased susceptibility to oxidative stress as they lack a key 

antioxidant defense mechanism. 144 We examined the weights of PBS and HOCl-treated C57BL/6 

mice since the Nrf2-/- were generated on this background; HOCl treatment did not result in weight 

loss (Figure 14, a). Likewise, no difference in body weight was observed between Nrf2-/- mice 

injected with PBS (Nrf2-/- PBS) and Nrf2-/- HOCl animals (Figure 14, b). These results indicate 

that HOCl treatment does not induce weight loss in the Nrf2-/- model.  

 
 

Figure 14. 6 weeks of intradermal injections do not affect the body weight of C57BL/6 nor Nrf2-/- 

mice.  a. Body weight of C57BL/6 mice injected with PBS and HOCl. b. Body weight of Nrf2-/-

animals injected with either PBS or HOCl. Horizontal dashed line represents the 20% weight loss 

criterion for euthanasia.  No animal violated the 20% loss in body weight threshold. n=4-6 mice 

per group, graphs depict mean ± SEM.  

 



 75 

3.2.2 Skin changes in Nrf2-/- mice following HOCl injections 

Next, we evaluated whether Nrf2 deficient mice have increased skin fibrosis when exposed to 

HOCl compared to C57BL/6 controls. Over a period of 6 weeks, no significant difference in 

skinfold thickness was observed (Nrf2-/- HOCl vs C57BL/6 HOCl on day 42, mm: 1.74 ± 0.06 vs 

1.51 ± 0.06, p = 0.90) (Figure 15, a). Histology of Nrf2-/- HOCl and C57BL/6 HOCl were 

comparable (Figure 15, b). Consistent with these findings, on day 42 there was no difference 

between the dermal thickness of Nrf2-/- HOCl and C57BL/6 HOCl mice (Nrf2-/- HOCl vs C57BL/6 

HOCl, mm: 295.80 ± 28.09 vs 320.50 ± 23.64) (Figure 15, c).  

 

 

 

 

Figure 15. HOCl injections induce comparable skin fibrosis in Nrf2-/- and WT control animals.  

a. Skin thickness in mice increases over the course of 6-weeks of HOCl injections. n = 4-6 mice 

per group, graphs depict mean ± SEM. Two-way ANOVA, p>0.05. b. Representative images of 
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H&E and PSR staining of NRF2-/- and C57BL/6 HOCl-treated mice. H&E sections of both NRF2-

/- and C57BL/6 mice show epidermal hyperplasia and hyperkeratosis indicated by the black arrow 

(H&E staining, panels i) and loss of adipose tissue/appendages in certain areas with preservation 

of them in adjacent areas (H&E staining, panels ii). Black arrows in the PSR-stained sections show 

dermal representative measurements. c.  Mean ± SEM of dermal thickness. n=4-6 mice per group. 

Mann-Whitney U test, *p<0.05. Abbreviations: ns: not significant. 

 

3.2.3 Effect of HOCl injections on lung function and histology in Nrf2-/- mice 

Lung function measurements showed no difference in compliance between Nrf2-/- and wild type 

C57BL/6 HOCl-injected mice (Nrf2-/- vs C57BL/6, ml/cmH2O/g: 3.03 × 10-3 ± 6.84 × 10-5 vs 2.76 

× 10-3 ± 1.07 × 10-4) (Figure 16, a & b). Lung histology also confirmed the absence of thickened 

alveolar septa. Specifically, no visible collagen fibers were detected in PSR-stained slides (Figure 

16,d). These results suggest that Nrf2-/- mice were not more susceptible to HOCl-induced lung 

fibrosis.  
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Figure 16. HOCl injections neither impaired lung function nor induced lung fibrosis in Nrf2-/- mice. 

a. Mean pressure-volume (P-V) loops for C57BL/6 and Nrf2-/- mice injected with either PBS or 

HOCl. b. Static lung compliance (Cst) n=4-6 mice per group, graphs show mean ± SEM. Mann-

Whitney test, p=0.09. Micrographs of H&E (c) and PSR (d)-stained lung sections. n=4-6 animals 

per group. Images were obtained to show an overview of the lung and at ×20 and ×40 magnification 

(from left to right). Scale bar: 100 μm (×20 magnification) and 50 μm (×40 magnification). 

Abbreviations: ns: not significant. 

3.2.4 The effect of HOCl on BAL leukocytes in Nrf2-/- mice 

It was previously shown that the Nrf2 pathway is involved in attenuating lung inflammation in 

BLM induced injury.145,146 Therefore, in the absence of Nrf2, inflammatory responses are expected 

to increase. We assessed whether NRF2-/- mice had increased airway inflammation by analyzing 

total and differential cell counts in BALF. Compared to wild type C57BL/6 HOCl mice, total cells 

were not increased in Nrf2-/- HOCl mice (C57BL/6 HOCl vs Nrf2-/-, absolute number of cells: 

34167 ± 2626 vs 30400 ± 2064) (Figure 17). Moreover, there were no differences in the number 

of macrophages, eosinophils, neutrophils, and lymphocytes between these two groups. These data 

show that HOCl-generated oxidative stress does not play a role in the development of pulmonary 

inflammation following intradermal HOCl administration.   
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Figure 17. HOCl treatment did not induce lung inflammation in Nrf2-/- mice. Total and differential 

cell counts in BALF of C57BL/6 and Nrf2-/- mice injected with HOCl and PBS. n=4-6 mice per 

group, graphs show mean ± SEM. Two-way ANOVA, p>0.05. 

 

3.3 BLM-MP mouse model  

3.3.1 Effect of different BLM doses on body weight and lung function  

Since neither the described HOCl-SSc model nor the sensitized (NRF2-/-) model recapitulate 

pulmonary fibrosis, we switched to the BLM-MP, a SSc mouse model that is suggested to 

recapitulate two key features of human SSc: lung and skin fibrosis. We first established the optimal 

dose of BLM to be used testing doses reported in previous papers (i.e. 60mg/kg, 67mg/kg and 

100mg/kg).116,117 BLM induced a dose-dependent reduction in body weight in the first 14 days 

post pump implantation. Weight recovery started on day 15/16 for doses of 60mg/kg and 67mg/kg, 

respectively. A precipitous decline in body weight was observed in mice receiving 100mg/kg with 

50% mortality. No mortality was observed in mice receiving 60mg/kg and 67mg/kg (Figure 18). 

Regarding lung function, BLM induced a dose dependent reduction in compliance and an increase 
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in resistance and elastance (Figure 19, a-d). We selected the dose of 60mg/kg for subsequent 

experiments.  

 

 
 

 

 

 

 

 

 

 

 

 

 

Figure 18. Time course of percent body weight change following exposure to different bleomycin 

doses or saline treatment. n=2-10 mice per group, graphs show mean ± SEM. Two-way ANOVA, 

****p<0.0001. 
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Figure 19. Dose dependent decline in lung function associated with increasing BLM doses. a. 

Mean pressure-volume (P-V) loops for PBS and BLM-treated mice. b. Static lung compliance (Cst) 

c. Respiratory system elastance (Ers) and resistance (Rrs) (d) n=1-6 mice per group, graphs show 

mean ± SEM.  

 

3.3.2 Skin changes following systemic administration of BLM 

 

BLM-MP treated animals develop skin fibrosis.117,118 This was confirmed in our model. BLM 

treated animals had ulcers lined with granulation tissue (Figure 20, panel A; H&E, BLM-MP, 

panel i), epidermal hyperplasia and hyperkeratosis (Figure 20, panel A; H&E, BLM-MP, panel ii). 

There was evidence of skin fibrosis in areas proximal and distal to the minipump (Figure 20, panel 

A; PSR, BLM-MP, panel i&ii). Preliminary results (n=3 per group) on the quantification of PSR-

stained slides showed increased dermal thickness in BLM-MP animals (Figure 20, panel B). 
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Figure 20. Systemic administration of bleomycin via minipump leads to skin fibrosis. a. 

Representative skin images of H&E and PSR-stained sections of PBS and BLM-treated mice. 

Images show a skin overview (first micrograph in each row) and ×20 magnification. Scale bar: 

100 μm. b. H&E sections of BLM-MP mice show an area of ulceration (panel i), epidermal 

hyperplasia and hyperkeratosis indicated by the black arrow (H&E stained sections, BLM-MP 

row, panel ii). Black arrows in the PSR- stained sections show dermal thickness measurements. b.  

Dermal thickness quantification, graph shows mean ± SEM. n=3 mice per group.  
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3.3.3 Lung function, histology, and micro-CT following BLM administration  

The degree of lung injury induced by bleomycin was evaluated by histology, pulmonary function 

tests and micro-CT imaging. Four weeks post pump implantation, BLM-MP mice had decreased 

lung compliance, increased resistance, and dynamic elastance compared to control animals (Figure 

21, panels a-d). H&E-stained lung sections showed a predominantly inflammatory process with 

minimal evidence of fibrosis. The distribution of parenchymal injury was largely peripheral which 

resembles the pattern in ILD (Figure 21, e). In the histology quantification, BLM-MP animals tend 

to have higher number of positive picrosirius red pixels and affected lung area (Figure 21, f & g). 

The presence of increased areas of attenuation on micro CT corroborated the BLM-induced lung 

injury (Figure 22, a-d). Notably, on day 14 BLM-MP mice had restrictive lung function whereas 

histology showed minimal architectural abnormalities (Figure 23). Compared to 28 days post 

pump implantation, on day 38 an improvement in lung function was observed; however, 

histological changes were comparable between the two days (Figure 24).  
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Figure 21. 28 days post pump implantation BLM impairs lung mechanics as it generates interstitial 

inflammation with few fibroblastic foci. a. Mean pressure-volume (P-V) loops for PBS and BLM-

treated mice. b. Static lung compliance (Cst). c. Lung resistance (Rrs) and elastance (Ers) (d.) 

calculated by the flexiVent software by fitting the data from the single frequency forced oscillation 

manoeuvre to the single-compartment model. n=5-10 mice per group, graphs show mean ± SEM. 

Two tailed t test, * p<0.005 e. Hematoxylin and eosin (HE) and Masson’s Trichrome (MT)- stained 

lung sections. First row of HE and MT ×20 images and bottom row ×40 magnification. Scale bar: 

50 μm. f. Image analysis on PSR-stained slides and g. Abnormal lung areas quantified by the 

Positive Pixel Count V9 Aperio Algorithm (airways and large vessels were excluded). Three 



 85 

transverse sections per left lung were analyzed (lower, middle, upper lobe).  Mann-Whitney U Test 

was used for comparisons. Abbreviations: ns: not significant. 

 

 

 

Figure 22. Osmotic minipump delivery of BLM increases lung density and the percent of poorly 

aerated tissue. a. Representative micro-CT scans of PBS and BLM animals. Yellow arrows 

indicate areas of increased lung attenuation. Density of lung parenchyma in whole lung (b), right 

lung (c) and left lung (d). e. Micro-CT scans of BLM mice evaluated with the image analysis 

software AMIDE have increase in poorly- aerated tissue. f. Quantification of poorly aerated tissue 

according to Hounsfield units (HU) range assessed with the MATLAB software. n=3-6 mice per 

group, graphs show ± SEM. Two tailed t test, * p<0.05 
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Figure 23. 14 days post pump implantation BLM impairs lung mechanics in the absence of evident 

fibrosis. a. Mean pressure-volume (P-V) loops for PBS and BLM-treated mice. b. Static lung 

compliance (Cst). c. Lung resistance (Rrs) and elastance (Ers) (d.). n=2-3 mice per group, graphs 

show ± SEM. e. Hematoxylin and eosin (HE)- stained lung sections. First row of HE ×20 images 

and bottom row ×40 magnification. Scale bar: 100 μm.  
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Figure 24. 38 days post pump implantation lung function in BLM-MP mice improved while 

histological changes were similar to day 28. a. Mean pressure-volume (P-V) loops for PBS and 

BLM-treated mice at day 28 and 38. b. Static lung compliance (Cst). c. and d. Lung elastance (Ers) 

and resistance (Rrs) calculated by the flexiVent software. *** n=5-10 mice per group, graphs show 

± SEM, Two tailed t test, ***p=7 × 10-4 e. Hematoxylin and eosin (HE)- stained lung sections. 

First row of HE images were obtained at ×20 and bottom row at ×40 magnification. Scale bar: 100 

μm. f. Image analysis on PSR-stained slides and g. abnormal lung areas according to the Positive 

Pixel Count V9 Aperio Algorithm (airways and large vessels were excluded). Three transverse 
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sections per left lung were analyzed (lower, middle, upper lobe). n= 2-5 mice per group, graphs 

depict mean ± SEM. Abbreviations: ns: not significant. 
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Chapter 4: Discussion 

Animal models are valuable for studying mechanisms of human diseases and for testing potential 

therapeutic interventions. However robust animal models of SSc are scarce. We performed an in-

depth characterization of two models favoured in the literature - the HOCl-SSc87,89 and BLM-MP 

mouse model.116 Over the course of 6 weeks, the body weight of HOCl-injected mice remained 

unchanged compared to PBS controls. Skin fold and dermal thickness of HOCl mice increased 

approximately 2- and 3-fold, respectively.  Skin histology was characterized by patchy areas of 

fibrosis adjacent to unaffected skin. Consistent with these data, skin of HOCl-treated mice showed 

upregulated expression of fibrosis-related genes including Col1a1, Col3a1, and Acta2. However, 

pertaining to the lungs, there were no differences in static compliance, histology, expression of 

pro-fibrotic genes, and immune cell compositions between PBS and HOCl animals. Additionally, 

neither AOPPs nor anti-Scl70 were elevated in the sera of HOCl mice. Furthermore, to test the 

hypothesis that a model that enhances the oxidative damage caused by HOCl results in lung 

fibrosis, experiments were conducted using the Nrf2-/- mouse. Nrf2-/- mice that received HOCl 

injections had comparable body weight, skin fibrosis, lung function, lung histology and BALF 

cellularity to Nrf2-/- controls.  In contrast, BLM-MP mice lost approximately 20% of their body 

weight within 15 days of pump implantation which was followed by a gradual recovery until day 

28. Analogous to the HOCl model, BLM induced heterogeneous skin fibrosis with increased 

dermal thickening. Twenty-eight days after pump implantation lung histology showed a pattern of 

injury that was predominately inflammatory with some evidence of patchy fibrosis. As a result, 

these mice had significant lung function impairment and micro-CT abnormalities. Interestingly, 

lung function impairment was also observed 14 days post-pump implantation in the absence of 

evident histological abnormalities.  
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The lack of weight loss during the course of 6 weeks of HOCl injections was not previously 

reported in the literature. However, Dr Alexandre Maria shared with us that he did not observe any 

weight loss (personal communication). In contrast, BLM caused an initial drop in body weight 

followed by a recovery phase which was previously described in this model.116 Several papers also 

reported HOCl to induce a gradual increase in skinfold and dermal thickness within a range similar 

to our results.88,147 H&E- and MT-stained skin sections from HOCl animals showed a pattern of 

fibrotic injury characterized by spatial heterogeneity, epidermal hyperplasia and hyperkeratosis, 

consistent with prior reports88,125,147 and also seen in SSc patients.148 In some sections fibrosis was 

predominantly localized to the deep reticular dermis as opposed to the papillary dermis.147 It is 

important to emphasize that the HOCl-induced skin manifestations were only observed in the 

lower back of the animal where injections were administered suggesting a lack of a generalized 

fibrotic cutaneous response. The skin lesions induced by BLM also resulted in a phenotype 

resembling SSc; however, the observed effect was distal to the site of the minipump. Several 

papers have reported that BLM-MP mice developed skin fibrosis117,118, however, this was not a 

uniform finding among the different groups using the model.119 Differences in the site of skin 

biopsies collection may account for those discrepancies. 

 

Following 6 weeks of HOCl injections, the lung function of BALB/c mice remained unchanged 

which corresponded with the lack of morphological alterations in the lung. Although lung function 

measurements were not previously reported, several papers claim evidence of pulmonary 

fibrosis.88,125,149 However, an expert pulmonary pathologist (Dr Richard Fraser) reviewed the 

published images of lung histology and could not definitively confirm the presence of fibrosis. 
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Poor lung inflation with areas of atelectasis150 and thick histological sections were noted and 

suggested architectural abnormalities that could account for erroneous interpretations of putative 

lung fibrosis. We also performed automated and manual image analysis, which was not previously 

conducted, on PSR-stained lung sections and no differences were detected between PBS- and 

HOCl-injected mice. Assessment of inflammatory cells in the BAL fluid did not show any 

evidence of an inflammatory response in HOCl-injected mice. We proceeded to characterize 

macrophage subsets in PBS and HOCl treated mice as macrophages are known to influence 

mechanisms of fibrosis.151,152 Although there is a dearth of data on human macrophages, the 

characterization of monocyte/macrophages in murine models reveals three distinct subsets: tissue 

resident alveolar macrophages (TR-AM), monocyte derived alveolar macrophages (Mo-AM), and 

interstitial macrophages (IM).151 TR-AM are a long lived, self-renewing population that is derived 

from cells that originate in the fetal liver and yolk sac.153 They are in close contact with type I and 

type II alveolar epithelial cells and express high levels of CD11c and low levels CD11b. 152 Under 

normal conditions TR-AM are the most abundant immune cell in the lung. Conversely, in the 

setting of lung inflammation, circulating monocytes are recruited to the lung via the activation of  

chemokine receptor 2 (CCR2) and differentiate into Mo-AMs.151 Initially Mo-AMs drive the 

inflammatory and fibrotic response; however, during repair it is proposed that Mo-AMs can either 

differentiate into cells that phenotypically resemble TR-AM or undergo apoptosis.151 Similar to 

TR-AM, interstitial macrophages are also derived from embryonic progenitors but reside in the 

lung parenchyma between the alveolar epithelium and capillaries and express high levels of CD11b 

and low levels of CD11c.151,153 Several groups reported that depletion of circulating monocytes by 

intratracheal administration of liposomal clodronate154 or using monocyte-chemoattractant 

protein-1 chemokine receptor knockout animals (CCR2-/-)155 attenuated BLM-induced lung injury. 
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These findings show that monocytes contribute to facilitating the progression of lung fibrosis. It 

has been suggested that monocytes differentiate into Mo-AMs and in combination with TR-AM 

acquire a profibrotic phenotype.151 Indeed, inducing cell death of Mo-AM ameliorates the severity 

of lung fibrosis.152 Following 42 days of HOCl injections, an increase in the number of Mo-AM 

was expected provided the literature showing that Mo-AMs are causally related to fibrosis severity. 

152 During the fibrotic phase of BLM-induced lung injury, a decrease in the number of interstitial 

macrophages and an increase in the number of Mo-AM was reported.151 This is likely attributed 

to the large inflammatory response induced by BLM which causes the loss of most macrophages 

present under homeostatic conditions (TR-AM and IM) and their replacement by Mo-AM. The 

absence of an inflammatory response in our HOCl model contrasts with a previous report which 

showed increased CD4+ and CD8+ T cells, and CD19+ B cells in the lung by 

immunohistochemical analysis. 156 Moreover, we did not observe an upregulation of profibrotic 

genes in HOCl-injected mice whereas the mRNA expression of αSMA, TGF-β1, and collagen type 

I and III were upregulated in previous studies. 88,91  

HOCl has been proposed to generate lung fibrosis through excess formation of reactive oxygen 

species (ROS) and the induction of oxidative stress. Specifically, oxidized serum proteins (i.e. 

AOPPs) were suggested to be involved in the propagation of oxidative stress from the skin to the 

lungs.89 However, our experiments showed that administering HOCl by the intradermal route does 

not induce the development of AOPPs. It is known that prolonged exposure to ROS results in 

oxidative stress. In this case, there is an imbalance between the production of ROS and cellular 

antioxidant defense mechanisms. Since we did not observe elevated AOPPs following HOCl 

injections, we hypothesized that the ROS generated by HOCl is countered by physiological 

antioxidant defense mechanisms that maintain redox homeostasis. The antioxidant response 
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element (ARE) is a regulatory enhancer sequence present in the promoters of many antioxidant 

genes and Phase II detoxifying enzymes (i.e. glutathione S-transferases).157 Many transcription 

factors interact with the ARE to induce the expression of cytoprotective genes in response to 

oxidative stress, one of which is Nrf2. 157 Under homeostatic conditions, Nrf2 is sequestered in the 

cytoplasm by Kelch-like ECH-associated protein 1 (Keap1) resulting in E3 ligase mediated 

polyubiquitination of the complex and subsequent proteosomal degradation.157 When the cellular 

redox potential is altered by oxidative stress conditions, Keap 1 undergoes a conformational 

change and is no longer able to bind Nrf2.157 This allows Nrf2 to translocate into the nucleus where 

it dimerizes with the transcriptional co-activator musculoaponeurotic fibrosarcoma oncogene 

homolog (MAF) and this complex binds to the ARE within the promoter region of cytoprotective 

genes to activate their transcription.157 Cytoprotective genes regulated by Nrf2 include genes 

involved in redox homeostasis (i.e. glutathione peroxidase 2 and thioredoxin), glutathione 

biosysnthesis (i.e. glutamate-cysteine liganse catalytic subunit), detoxification of xenobiotics 

(glutathione s-transferase). 158 Given that Nrf2 regulates the transcription of a vast array of 

antioxidant genes, to test the hypothesis that deficient antioxidant responses increase the skin and 

lung toxicity of intradermal HOCl, we subjected Nrf2-/- animals to daily HOCl injections, which 

should increase intracellular ROS levels. Nrf2-/- animals injected with HOCl were comparable to 

C57BL/6 HOCl injected animals in their skin fold thickness, skin histology, dermal thickness, 

BAL cellularity, lung mechanics, and lung histology. Conversely, one paper reported an increase 

in skin thickness, collagen content in the skin and lungs, and exacerbated skin and lung pathology 

in Nrf2-/- HOCl-treated animals.91 The lack of a positive control for the induction of oxidative 

stress is a limitation of our experiments.  
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In contrast to the HOCl-SSc mouse model, the lung function of BLM-MP animals was adversely 

affected. Treated animals had reduced lung compliance and an increase in elastic recoil and 

resistance, all of which are observations consistent with a previous report.159 These observations 

were likely a consequence of the severe morphological alterations occurring 28- and 38-days post 

pump implantation, which manifested as a heterogeneous distribution of inflammatory cells in the 

alveolar spaces and interstitial fibrosis as previously described.116 However, this is an unlikely 

explanation for the day 14 observations where there was a profound restrictive abnormality but 

minimal evidence of histological involvement.  This effect may be attributed to increased surface 

tension either due to BLM-induce alveolar type II epithelial cell injury, affecting synthesis and 

secretion of surfactant proteins, or injury to endothelial cells, causing leakage of plasma proteins 

in lung parenchyma affecting the function of surfactant molecules160. The alveolar epithelium 

consists of two cell types: alveolar type I and type II cells.161 Type I cells are less abundant than 

type II cells but provide the major surface area of the alveoli to facilitate gas exchange.161 Type II 

cells produce surfactant and are important in alveolar epithelial repair. Surfactant is a complex 

mixture composed primarily of lipids (i.e phosphatidylcholine) and associated proteins (surfactant 

proteins A, B, C, D) that are necessary for its function of reducing surface tension.162 Between the 

alveolar epithelial cells and the air within the alveoli there is an aqueous layer which forms an air-

liquid interface within the lung.161 This is the site where surface tension occurs.161 Water molecules 

within the bulk of the liquid solution are surrounded by other water molecules in each direction, 

resulting in a net attractive force of zero on a given water molecule. However, water molecules 

located immediately at the air-liquid interface have a net attraction into the bulk of the liquid 

(downwards) due to the lack of water molecules above them. This downward force causes high 

surface tension and promotes the aggregation of water molecules in order to reduce the overall 
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surface area exposed to air. As a consequence of this high surface tension, the alveoli have a 

tendency to collapse therefore inhibiting gas exchange162,163. To reduce this surface tension within 

the lungs, a lipoprotein complex termed pulmonary surfactant is produced. Specifically, surfactant 

can reduce surface tension through adsorption, the process in which surfactant lipids and proteins 

can form a surface-active film at the air liquid interface of alveoli. Since surfactants are 

amphiphilic molecules, they are able to orient themselves at the air liquid interface with their 

hydrophobic acyl tails directed towards the airspace and their hydrophilic polar head groups 

towards the hypophase (thin layer of fluid that is in contact with the air). In this orientation, the 

hydrophilic heads can displace the water molecules and reduce surface tension. Type I cells are 

fairly susceptible to injury and when they are damaged the reparative process involves hyperplasia 

and proliferation of type II cells and their subsequent differentiation to alveolar type I cells.161 

However, in lung fibrosis, type II cells are damaged which can impair their ability to produce 

surfactant resulting in decreased compliance. 164,165 Specifically, surfactant protein C, a marker of 

type II alveolar epithelial cells, was found to be important not only for the biophysical function of 

surfactant but for lung function as well.166 Mice receiving two doses of BLM via minipump showed 

a reduction in the number of SP-C positive cells whereas an increase was observed in BLM-treated 

mice that received keratinocyte growth factor (KGF), a potent mitogen for type II alveolar cells.167 

These findings suggest that BLM reduces the number of type II alveolar cells which is restored by 

the administration of KGF.167 Furthermore, intratracheal transplantation of alveolar type II cells 

has been shown to stop and reverse BLM-induced lung fibrosis suggesting  these cells are damaged 

or lost during fibrotic lung injury. 168 

 

 



 96 

In conclusion, despite administering HOCl intradermally following published protocols we were 

unable to reproduce the putative lung fibrosis.  Despite sensitizing the model to the potential 

development of fibrosis by studying Nrf2-/- mice with defective antioxidant responses, there was 

no lung pathology identified by careful histological examination, quantification of lung collagen 

and lung function. In contrast, systemic bleomycin administration led to functional and histological 

skin and lung fibrotic changes. Early in the development of bleomycin induced lung damage there 

was evidence of a restrictive impairment, which was not accompanied by histological 

abnormalities, leading us to conclude that disruption of surfactant function or synthesis was the 

likely explanation for the findings. Further study of microvascular permeability will help to clarify 

the basis for the early impairment in lung function. To assess vascular permeability, Evans blue 

dye may be injected in mice intravenously which binds to circulating albumin. 169 The 

accumulation of the dye in the lung can be visualized macroscopically (lungs with increased 

permeability will appear dark blue) or quantified by spectrophotometry. 169 Fibrinogen levels in 

BAL fluid can also be measured by ELISA to determine whether BLM induces microvascular 

leakage. Similarly, an assessment of alveolar type II cell apoptosis may prove to be informative. 

Apoptosis will be assessed by terminal deoxynucleotidyl transferase dUTP nick end labeling 

(TUNEL) staining. Although several papers have reported spontaneous resolution in the BLM 

model, some have shown that fibrosis persists for extended periods. 170,171 Since the lung injury 

observed following BLM is largely inflammatory, we may quantify fibrosis in MT-stained lung 

sections and measure hydroxyproline content at a later time point (e.g. day 49) to determine 

whether more established fibrotic lesions will develop. Compared to a single BLM intratracheal 

instillation, a multiple dose regimen resulted in greater lung fibrosis and reduced inflammation. 172 

Therefore, administering a second dose of BLM following minipump implantation may prove to 
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be effective in obtaining a predominantly fibrotic lesion. Alternatively, the effect of prolonged 

infusion of BLM (e.g. infusion over 4 weeks as opposed to 7 days) can be tested.  

 

We found that HOCl-injected mice developed a SSc-like skin phenotype without pulmonary 

involvement. In the skin of HOCl mice, the subcutaneous fat tissue was partly replaced by 

connective tissue resulting in increased dermal thickness. Lungs from HOCl-injected mice did not 

display any histological abnormalities and there was no evidence of functional impairment. The 

basis for the discrepancy between our pulmonary findings and those described in the literature is 

not clear. However, it should be noted that the lung phenotype in this model has not been 

sufficiently characterized. Prior publications do not report lung function measurements nor 

histological quantification of lung fibrosis, both of which can provide a more accurate assessment. 

Studies have frequently relied upon the measurement of hydroxyproline, an indirect surrogate for 

collagen synthesis. Our findings can inform the research community to discourage experiments 

employing this model as a means to study the pathogenesis and treatment of pulmonary fibrosis. 

The HOCl mouse can be used to model SSc-like skin fibrosis; however, given the heterogeneity 

in fibrotic lesions, investigators should be cautious and selective in their readouts when testing the 

effect of potential interventions.  Following these unexpected results, we proceeded to characterize 

the BLM-MP model. BLM-MP mice developed skin fibrosis as well as lung features reminiscent 

of human NSIP. These structural changes manifested in severe functional impairment 

characterized by restrictive lung function and increased lung density on micro-CT. This model has 

greater promise for the study of the contribution of inflammation to the fibrotic phenotype and can 

enable the testing of antifibrotic agents.  
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