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Sarcoidosis is a chronic granulomatous disease of unknown cause.  Granulomas resolve 

within 12-26 months in 50% of cases without therapy while 30% of patients have chronic disease 

that progresses to pulmonary fibrosis.  The transcription factor peroxisome proliferator activated 

receptor gamma (PPARγ), a negative regulator of pro-inflammatory macrophage activation, is 

deficient in the alveolar macrophages of sarcoidosis patients.  We established a chronic murine 

model of sarcoidosis in which multiwall carbon nanotubes (MWCNTs) are administered via 

oropharyngeal instillation.  The expression of PPARγ is also deficient in the murine alveolar 

macrophages.  Granulomatous lesions persist for at least 90-days post installation.  Previous 

studies from our lab have implicated matrix metalloproteinase-12 (MMP12) and osteopontin 

(OPN) as key factors that work together to promote granuloma formation and persistence.  We 

used a macrophage-specific PPARγ knockout mouse to study the effects of PPARγ deficiency on 

sarcoidosis pathophysiology.  As expected, PPARγ mice had more robust granuloma formation at 

60-days post instillation compared to C57BL/6J controls.  We hypothesized that PPARγ mice 



 

 

 

 

would have large, persisting granulomatous structures 90-days post instillation and that levels of 

MMP12 and OPN would be elevated.  PPARγ and C57BL/6J mice were instilled with MWCNT.  

Controls received PBS alone.  Lung tissue from both strains were sectioned, stained, and subjected 

to granuloma scoring and qualitative evaluation.  Tissue from PPARγ mice was also used for 

immunohistochemistry (IHC).  Surprisingly, at 90-days post instillation, PPARγ mice had 

attenuated fibrosis and decreased granuloma size compared to 60-days and C57BL/6J mice.  

Evaluation of mediators in the canonical TGFβ signaling pathway did not explain the changes in 

fibrosis.  Changes in MMP12 and OPN protein levels, however, were apparent.  

Immunohistochemistry of lung tissue showed decreased expression of both MMP12 and OPN at 

90-days post instillation. These results suggest a relationship between MMP12 and OPN in the 

resolution of granulomatous structures. The decrease in MMP12 and OPN in tissue sections at 90-

days is especially important as pulmonary granulomatous structures form and resolve within lung 

tissue.  
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Introduction
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1.1 Sarcoidosis 

 Sarcoidosis is a multisystemic disease characterized by noncaseating granulomatous 

inflammation that is found predominantly in the lungs and lymph nodes.  Rates of disease vary 

by race, ethnicity, and geographical location.  Prevalence is highest in Nordic countries and in 

African American individuals at 160 and 141.4 per 100,000 respectively (1, 2).  Caucasians, 

Hispanics, and Asians in the United States have lower disease prevalence at 49.8, 21.7, and 18.9 

per 100,000 (2).  Sarcoidosis affects women more often than men and in America, African 

American women have the highest disease prevalence at 178.5 per 100,000  (2, 3).  The peak age 

of onset currently ranges between 30 and 55 years of age (4).  This age range has increased over 

time, a trend that could be due to an aging population, changes in detection, and shifts in 

exposure to environmental factors.   

Sarcoidosis is a difficult disease to diagnose.  The disease can affect every organ in the 

body and severity ranges from asymptomatic cases to life-threatening disease states.  The lungs 

are the most involved organ, affecting 90% of patients (5).  The skin, eyes, liver, and peripheral 

lymph nodes are implicated in 10-30% of cases (5).  There is no specific test for detection of 

sarcoidosis, however, experts have developed criteria that must be met prior to assigning a 

diagnosis: clinical or radiological findings consistent with the condition and a tissue biopsy with 

evidence of noncaseating granulomas (3).  

Pulmonary sarcoidosis has varying presentations.  The most common symptoms are 

dyspnea and cough.  The latter is reported in 90% of patients.  Wheezing, chest pain, and fatigue 

are other frequent manifestations.  Chest radiographs are abnormal in 90% of cases.  

Radiographic abnormalities can uncover disease in asymptomatic individuals, which account for 

50% of patients, whereas respiratory failure is a hallmark of progressive pulmonary cases (6).  
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Bilateral hilar adenopathy and parenchymal lung opacities affect 50-85% and 25-60% of patients 

respectively.  Pulmonary fibrosis is evident in up to 30% of cases and can cause respiratory 

failure, pulmonary hypertension, and hemoptysis which can lead to permanent organ damage and 

death (3, 5).  Fibrosis is present in the majority of deaths from pulmonary sarcoidosis (5).   

To account for the diversity of disease presentation, The Siltzbach Classification System 

was developed to define five stages of sarcoidosis based on chest radiographic findings.  Cases 

are assigned accordingly: stage 0 is classified by a normal chest radiograph; stage 1 indicates 

lymphadenopathy only; stage 2 is marked by lymphadenopathy and parenchymal lung disease; 

stage 3 is defined by parenchymal lung disease only; and stage 4 signifies fibrosis (6).  

Conditions can regress, remain stable, or progress through the stages.  Progression to pulmonary 

fibrosis occurs in 30% of patients (6).  

 Granulomas resolve within 12-36 months in 50% of cases without therapy (7).  

Therefore, current best practices indicate that treatment should only be initiated in the presence 

of granulomatous inflammation, pulmonary dysfunction, and symptoms that affect quality of life 

(8).  Symptoms hold the most weight when considering treatment.  Corticosteroids are the drug 

of choice; however, they are associated with significant side effects and are used sparingly (8).   

 

1.2 Sarcoidosis etiology 

 Sarcoidosis is a granulomatous disease of unknown cause.  The condition is viewed as a 

consequence of a chronic immunological response and has been associated with genetic 

susceptibilities and environmental factors.  Clusters of cases within families and increased 

prevalence among certain ethnic and racial groups supports a genetic component to the disease 
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(7, 9, 10).  Genetic predispositions that have been linked to an increased risk of sarcoidosis have 

most frequently been associated with the major histocompatibility complex (MHC) region on 

chromosome 6, also known as the human leukocyte antigen (HLA) system (9, 11).  The primary 

biological role of this genetic loci is the regulation of immune responses.  HLA genes are known 

to be involved in the rejection of foreign bodies, in antigen presentation, and in regulating 

adaptive immunity (9, 11).  Derived molecules are divided into two classes; class I molecules are 

expressed on the surface of most nucleated cells whereas class II molecules are only expressed 

on the surfaces of B lymphocytes, antigen-presenting cells (monocytes, macrophages, and 

dendritic cells), and activated T lymphocytes (11).  Certain polymorphisms of class I and class II 

HLA alleles have been associated with increased risk of sarcoidosis development (7, 9, 11).  

Stronger associations have been observed for class II molecules (7, 9).   

 Sarcoidosis is a complex disease.  In addition to genetic factors, multiple infectious 

agents have been identified as possible triggers.  Studies have suggested an etiological link 

between mycobacteria and the disease; however, the data is inconsistent.  Some studies have 

identified mycobacterial components in sarcoid tissue while others have not (12).  

Propionibacterium acnes have also been implicated as the skin bacterium has been cultured from 

sarcoidosis granulomas (12).  Additional infectious agents linked to the disease include fungi and 

borrelia.  Sarcoidosis is also associated with environmental exposures including non-infectious 

organic antigens, metals, combustible products, and inorganic substances.  Epidemiological 

studies have shown an association between certain environments and sarcoidosis prevalence.  At 

risk populations include those who have high exposure to microbes (i.e. agricultural settings and 

exposure to certain water sources), inorganic dusts (i.e. mining and construction), and byproducts 

of combustion (i.e. firefighters and first responders) (7, 9, 12).   
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 Research has shown that firefighters experience a higher incidence of sarcoidosis 

compared to the general population.  Between 1985 and 1998, firefighters from the Fire 

Department of the City of New York (FDNY) had an annual incidence of disease of 12.9 per 

100,000, a rate several folds higher than other service workers (13, 14).  This trend was 

exacerbated after the World Trade Center attack in 2001.  It is estimated that 60-70,000 first 

responders were exposed to a cloud of toxic dust and smoke generated from the collapse of the 

towers (13-15).  Subsequently, the incidence of sarcoidosis in FDNY firefighters doubled to 25 

per 100,000 between 2002 and 2015 (13).  This result is currently explained as a consequence of 

intense exposure to products of combustion of jet fuel, building materials, glass, silica, heavy 

metals, and organic compounds (15).  Case studies have shown carbon nanoparticles in lung 

biopsy specimens of patients with persistent lung disease after the attack, highlighting a potential 

disease trigger (15).  

 Decades of research have not uncovered a single explanation for sarcoidosis presentation.  

Instead, the diverse genetic and environmental clues indicate that sarcoidosis could either 

represent a collection of conditions that result in multisystemic granulomatous disease or that the 

varying exposures each stimulate a specific pathway that promotes sarcoidosis (12). 

 

1.3 Pulmonary Granulomas 

Noncaseating granulomas are the histological hallmark of sarcoidosis.  The lesions are 

most commonly found in the lungs and lymph nodes (7).  Monocytes and macrophages are the 

first cells to be recruited to the site of initiation.  The cells accumulate and mature into 

epithelioid cells.  T and B lymphocytes, fibroblasts, and other matrix-associated cells infiltrate 
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the cell aggregates and organize into compact lesions.  Finally, T lymphocytes and macrophages 

release mediators, such as cytokines and chemokines, which amplify the immune response 

resulting in the recruitment of additional immune cells (7, 9).  This process is a pathological 

response to an offending agent that creates a physical barrier to prevent harm to the surrounding 

tissue.  In 50% of sarcoidosis cases, the granulomas resolve within 12-36 months (7).  However, 

in up to 30% of cases, the lesions persist chronically, causing prolonged inflammation and 

fibrosis (5).  Pulmonary fibrosis can lead to changes in pulmonary function, organ failure, and 

death.  It is important to study the mechanisms of granuloma formation, persistence, and 

resolution to further understand this disease in hopes of uncovering targets for treatment.  

 

1.4 Multiwall carbon nanotube murine model of sarcoidosis 

 Several murine models have been created to study sarcoidosis.  Microbe-related agents 

and antigen-bound Sepharose beads have commonly been used to induce granuloma formation 

(16-18).  Resolution of these lesions within 14-21 days has been a leading limitation of studies 

using these methods.  The rapid degradation makes it difficult to distinguish between biological 

responses to initial injury, granuloma formation, and resolution.  Our multiwall carbon nanotube 

(MWCNT) murine model evades this constraint as granulomas persist for at least 90-days post 

instillation (19). 

 Carbon nanotubes are hydrophobic carbon cylinders whose diameter can range from a 

few nanometers to 200 nanometers in length (15).  MWCNTs are concentrically stacked carbon 

cylinders with a common long axis.  The particles can be synthesized commercially or can be 

developed at high temperatures in the presence of carbon and a metal catalyst (15).  As 
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mentioned previously, these carbon nanotubes have been found in lung biopsy specimens of 

World Trade Center responders, a population that has experienced an increased incidence of 

sarcoidosis since the attack (13-15).  These findings prompted the development of our murine 

model in which MWCNTs are administered via oropharyngeal instillation to study pulmonary 

granulomas.  

 The MWCNT model bears several similarities to human sarcoidosis patients.  

Histologically, both experience an aggregation of macrophages which can progress to giant cells 

during granuloma formation (20).  A transcriptional survey revealed that the model shares 

commonly activated processes with the patient population including T-cell signaling, IL-12 and 

IL-17 pathways, IFNγ signaling, apoptosis, and oxidative phosphorylation (20).  Common 

upregulated genes involved in immune responses and matrix remodeling have been identified 

including STAT4, LCK, MMP12, and CTSK (20).  As a chronic model of granulomatous disease 

that bears similarities to human sarcoidosis, the MWCNT model provides a means to study 

mechanisms of disease progression and resolution.  

 

1.5 Alveolar macrophages contribute to pulmonary inflammation and resolution 

 Alveolar macrophages are mononuclear phagocytes found in the pulmonary alveoli.  As 

part of the innate immune system, they serve as the first line of defense against respiratory 

pathogens.  As regulators of homeostasis, they communicate with many cell types including 

epithelial cells, endothelial cells, neutrophils, lymphocytes, fibroblasts, progenitor cells, and 

other macrophages (21).  Macrophage presence is crucial for pathogen recognition, resolution of 

lung inflammation, and repair of damaged tissue.  When faced with an influx of infectious 
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agents, alveolar macrophages recruit immune cells such as neutrophils to the site of infection and 

secrete several proinflammatory cytokines and chemokines including interleukins 1, -6, and -8 

and tumor necrosis factor (21, 22).  After the infectious substance has been addressed, the cells 

play a role in resolution of inflammation in the airspace.  The cells possess remarkable plasticity 

and can adopt pro-inflammatory, pro-fibrotic, anti-inflammatory, or anti-fibrotic properties based 

on the lung microenvironment in effort to maintain tissue homeostasis (21, 22).   

 Alveolar macrophages have been implicated in sarcoidosis granuloma formation.  Studies 

have shown that alveolar macrophages from sarcoidosis patients produce increased amounts of 

inflammatory cytokines, such as TNFα and IL-1, compared to healthy controls (23).  The 

production of CCL20, a chemokine known to attract dendritic cells and T cells, is also increased 

(23).  Experimentation in murine models has supported these findings (23).  Current literature 

suggests that upon initial injury, alveolar macrophages are triggered causing them to release 

cytokines and recruit immune cells and additional macrophages, resulting in granuloma 

formation (19).  As versatile cells implicated in a variety of immune responses and tissue 

homeostasis, alveolar macrophages are likely involved in the degradation of granulomatous 

structures.  Their gene expression and protein are at the center of current studies of granuloma 

resolution.  

 

1.6 Sarcoidosis patients and MWCNT-instilled mice experience macrophage-specific 

PPAR𝛾 deficiency 

Peroxisome proliferator-activated receptor gamma (PPAR𝛾) is a ligand-dependent 

transcription factor and a member of the nuclear receptor subfamily (24).  It is a known regulator 
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of adipocyte differentiation and glucose homeostasis and has also become recognized as a 

negative regulator of inflammatory genes (25-27).  PPAR𝛾 has been shown to antagonize the 

activities of several transcription factors including AP-1, STAT, and NF𝜅B (25).   

PPAR𝛾 is constitutively expressed in healthy individuals, however, expression is reduced 

in patients with pulmonary sarcoidosis, suggesting PPAR𝛾 may be a critical factor in limiting 

pulmonary inflammation (27, 28).  These findings have been supported within our murine model.  

MWCNT instilled C57BL/6J mice exhibit decreased PPAR𝛾 mRNA and protein production and 

DNA binding activity 60-days post instillation (27).  These findings suggest that PPAR𝛾 is a 

negative regulator of granuloma formation in response to the MWCNT challenge.  

Reduced PPAR𝛾 expression has downstream effects including increased NF𝜅B 

activation.  Therefore, we expect the sarcoidosis disease state and MWCNT murine model to 

promote the transcription of genes controlled by this factor including matrix metallopeptidase 12 

(MMP12) and osteopontin (OPN).  Each of these genes have been implicated in granuloma 

formation and have become a focus within this study of granuloma resolution (19).  

 

1.7 Matrix metalloproteinase 12 is a key factor in granuloma formation 

 Matrix metalloproteinase-12 (MMP12) is a member of a family of extracellular 

endopeptidases.  The molecule was first studied for its involvement in extracellular matrix 

remodeling.  In recent years, however, MMPs have been implicated in immune functions 

including cell migration, leukocyte activation, and anti-microbial defense (29).   MMP12 is one 

of the most upregulated genes in sarcoidosis patients and in the MWCNT murine model (20, 30).  

Studies have shown that expression is highest near active granulomatous inflammation and that 
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there is a correlation between protein levels and disease severity, suggesting that MMP12 

contributes to inflammation and granuloma formation (31).  The factor is known to facilitate the 

infiltration of immune cells (32) and its production by macrophages is induced by OPN, a 

cytokine that promotes cell adhesion and is a key factor in granuloma formation (19, 30).  

MMP12 knockout mice exhibit granuloma resolution 60-days post instillation with MWCNT, 

further suggesting that MMP12 is necessary for granuloma persistence (30).  

 

1.8 Osteopontin promotes the structural integrity of granulomas 

Osteopontin (OPN) is characterized as both a matricellular protein and a type 1 (Th1) 

cytokine.  As a potent chemoattractant, the protein has been implicated in cell-mediated immune 

responses and is upregulated at sites of inflammation and tissue remodeling (33).  OPN is 

produced by several types of immune cells including macrophages.  Its relationship with 

macrophages is extensive as the protein is known to regulate macrophage migration, survival, 

phagocytosis, and pro-inflammatory cytokine production (33).  The activity of OPN is regulated 

through post translational modifications (33-35).  Proteolytic cleavage at its active thrombin 

cleavage site modulates the protein’s function and its ability to bind to integrins (33, 34).  This 

cleavage can be accomplished by MMPs, including MMP12 (34, 35).  Post cleavage, integrins 

such as αvβ3, can bind to RGD (arg, gly, asp) sequences, increasing cell adhesion (33).  

OPN is one of the most highly expressed proteins in several lung diseases.  It is 

prominent in pulmonary granulomas from human patients caused by tuberculosis, fungal 

infections, and sarcoidosis (34, 36).  This cytokine has also been implicated in granuloma 

formation in murine models of granulomatous disease.  Previous studies have shown 
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upregulation of mRNA expression and protein in MWCNT instilled mice (19).  OPN deficient 

models are characterized by smaller lesions with less macrophage recruitment, indicating that 

OPN plays a role in macrophage accumulation in granulomatous structures (37).  Current 

literature suggests that OPN is a key mediator in granuloma formation that promotes the 

migration of inflammatory cells to sites of injury and promotes cellular adhesion.   

 

1.9 Proposed Mechanism of Granuloma Formation 

Previous studies and current literature have provided evidence for a proposed mechanism 

of granuloma formation which was presented in the 2011 Huizar et al. study (Figure 1).  The 

pathway emphasizes the roles of OPN and MMPs in the formation of granulomas.  The 

mechanism suggests that an initial injury triggers alveolar macrophage secretion of cytokines 

including CCL2 and OPN which leads to further recruitment of alveolar macrophages and T cells 

(19).  Macrophages produce MMPs, including MMP12, that alter cytokine signaling via 

proteolytic cleavage of OPN. OPN fragments bind to integrins, leading to macrophage 

transformation and increased cell adhesion molecules. The fusion of macrophages leads to the 

formation of giant cells.  T cells are retained, leading to persistence of granulomatous 

inflammation and continued accumulation of immune cells (19).   

 

1.10 Instillation of PPAR𝛾-KO mice with MWCNT 

Based on the observed PPAR𝛾 deficiency in sarcoidosis patients, it was hypothesized that 

the factor may play a role in MWCNT granuloma formation.  This led to the examination of 

PPAR𝛾 expression and activity in C57BL/6J mice.  The results revealed decreased expression 
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and activity in the MWCNT instilled model and prompted the use of a macrophage-specific 

PPAR𝛾 knockout strain to further uncover the effects of PPAR𝛾 deficiency on sarcoidosis 

pathophysiology (27). 

 Sixty days post instillation with MWCNT, the PPAR𝛾 knockout mice displayed 

exacerbated granuloma size compared to C57BL/6J mice.  Gene expression and protein for 

cytokines CCL2, OPN, and IFN𝛾 was increased (27).  Granulomas in the knockout mice had 

significant fibrosis whereas the C57BL/6J mice did not.  TGF𝛽 protein, a potent driver of 

fibrosis, was elevated in MWCNT instilled PPAR𝛾-KO mice compared to PBS controls, 

however, the protein was below detectable levels in C57BL/6J animals (38).  The downstream 

protein, smad3, was also elevated in the PPAR𝛾 knockouts, indicating that upregulation of this 

pathway may be the source of increased fibrosis (38).  Prior to the current study, the PPAR𝛾 

knockout mice had not been evaluated 90-days post instillation.    

 

1.11 Hypothesis 

 Prior studies have shown that 60-days post MWCNT instillation, macrophage specific 

PPAR𝛾-KO mice exhibit more robust granuloma formation and fibrosis compared to C57BL/6J 

controls.  We hypothesized that 90-days post instillation, PPAR𝛾-KO mice would maintain 

extensive granulomatous inflammation and fibrosis.  
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Figure 1.  Proposed mechanism for granuloma formation.  Initial injury triggers alveolar 

macrophage secretion of cytokines and further recruitment of alveolar macrophages and T cells.  

OPN induces production of MMP12.  MMP12 alters OPN via proteolytic cleavage, increasing its 

cellular adhesion properties which promotes the persistence of granulomatous inflammation. 
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2.1 Mice 

This study was conducted in conformity with Public Health Service (PHS) policy on 

humane care and use of laboratory animals.  All experiments were approved by the institutional 

animal care committee (AUP #J199d).  C57BL/6J and macrophage-specific PPAR𝛾-KO mice 

were utilized.  The C57BL/6J mice were obtained from The Jackson Laboratory (Bar Harbor, 

ME).  Homozygous floxed (+/+) PPAR𝛾 mice were provided by Dr. F. J. Gonzalez (National 

Institutes of Health, Bethesda, MD).  To achieve loss of PPAR𝛾 in macrophages, these animals 

were crossed with mice containing the cre recombinase transgene under the direction of the 

murine M lysozyme promoter from The Jackson Laboratory (39).  The heterozygous mice were 

genotyped to generate the flox+/+/cre+/+(PPARℽ-KO) strain.  Both C57BL/6J and PPAR𝛾-KO 

strains were placed in breeding pairs at 7 weeks of age.  Breeders were replaced every six 

months.  Studies were conducted using multiple age-matched litters.  

 

2.2 Instillation with MWCNT 

Pulmonary granulomas were generated by oropharyngeal aspiration of 100 µg MWCNT 

(catalog number 900-1501, lot GS1802, SES Research, Houston, TX) in phosphate buffered 

saline (PBS)/35% surfactant solution (gift from Ony Inc, Amherst, NJ).  Mice were instilled with 

one 100 µg dose in 50 µl PBS/surfactant after sedation with isoflurane.  Control mice received 

PBS/surfactant solution alone.  Mice were sacrificed with tribromoethanol (TBE) 60 or 90-days 

post instillation.   
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2.3 Lung tissue processing 

Lung tissue from C57BL/6J and PPAR𝛾-KO mice was embedded in paraffin or frozen in 

optimal cutting temperature (OCT) compound for future experimentation.  Paraffin embedding 

was achieved by inflating the lungs with 300 µl of formalin and fixing the tissue overnight in 

PBS-buffered 10% formalin.  After 24 hours, the tissue was moved to 70% ethanol before being 

submerged in paraffin.  Lungs frozen in OCT were inflated with 300 µl of a 3:2 OCT and PBS 

solution.  All tissue samples were placed into cassettes, covered in OCT, and flash frozen. 

 

2.4 Histological assessment 

Paraffin embedded lungs were cut into 5 µm sections and stained with either hematoxylin 

and eosin (H&E) or Gomori’s Trichrome (College of Veterinary Medicine Histology Core at 

North Carolina State University, Raleigh, NC).  Quantitative granuloma scoring was completed 

on H&E-stained slides as previously described (27).  Representative images were taken for each 

strain, condition, and time point using an Axio Imager 1A (Zeiss, Oberkochen, Germany) .  

 

2.5 Bronchoalveolar lavage (BAL) 

Mice were sacrificed via intraperitoneal TBE injection.  The tracheas were cannulated 

with plastic tubing and the lungs were lavaged with 1 ml aliquots of warm 0.2% lidocaine in PBS 

solution.  This step was repeated 5 times.  The resulting lavage was centrifuged at 1800 rpm for 

10 minutes at 4 °C.  Cytospins were produced by spinning 120 µl of cell suspension in a 

cytocentrifuge for 5 minutes at 500 rpm at room temperature and were stained with Diff Quick 
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Solution (Thermo Fisher Scientific, Waltham, MA).  Differential counts were performed to 

determine the percent alveolar macrophages (AM), lymphocytes (Lym), and polymorphonuclear 

(PMN) cells in the population.  Total cell counts were determined using a hemocytometer.  Cells 

were centrifuged and resuspended once before differential counts and a second time before 

aspiration and storage at -80 °C.  

 

2.6 Immunostaining of lung tissue and BAL cells 

Immunofluorescent staining for MMP12 and OPN was performed on cryosectioned lung 

tissue frozen in OCT and on cytospins of freshly isolated BAL cells.  Experiments were 

completed for all strains, conditions, and timepoints. All samples were fixed with 4% 

paraformaldehyde and permeabilized with 0.1% Triton-X-100.  Tissue sections and BAL cells 

were stained for monoclonal Ms 𝛼MMP12 (1:250) (sc-390863, Santa Cruz Biotechnology, 

Dallas, TX) and monoclonal Ms 𝛼OPN [(1:100 tissue); (1:250 BAL cells)] (sc-21742, Santa 

Cruz Biotechnology, Dallas, TX).  Samples were incubated overnight at 4 °C.  After washing 3x 

with PBS, Alexa 488 F(ab)2 goat anti-mouse 2° antibody 1:1000 (Life Technologies, Carlsbad, 

CA) was applied.  Slides were counterstained with DAPI to facilitate nuclear localization.  

Images were taken using a LSM 700 confocal microscope (Zeiss, Oberkochen, Germany).   

 

2.7 Analysis of bronchoalveolar lavage fluid 

 MMP12 and OPN proteins were evaluated using the Mouse MMP-12 ELISA Kit 

(ab246540, Abcam, Cambridge, MA) and the Mouse/Rat Osteopontin Quantikine ELISA Kit 
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(MOST00, R&D Systems, Minneapolis, MN) respectively according to the manufacturer’s 

instructions.  

 

2.8 RNA purification and analysis 

Total RNA was isolated from BAL pellets using miRNeasy kits (Qiagen, Germantown, 

MD).  cDNA was produced using a RT2 First Strand Kit (Qiagen, Germantown, MD).  Relative 

mRNA expression levels were computed using either a StepOnePlus PCR System (Thermo 

Fisher Scientific, Waltham, MA) or a QuantStudio 3 PCR System (Thermo Fisher Scientific, 

Waltham, MA).  All samples were run in duplicates.  Glyceraldehyde 3-Phosphate 

Dehydrogenase (GAPDH), a housekeeping gene, was used for comparison to determine ΔCt 

values.  Data points are represented as dCT values.  Increased dCT values represent decreased 

gene expression and vice versa.  See the appendix section for a list of primers used in this 

manner.  

 

2.9 Statistical analysis 

Data were analyzed by either two-way Student’s t test or by two-way ANOVA with 

Tukey’s multiple comparisons test.  Prism 7 software (GraphPad Inc., San Diego, CA) was used 

in all cases.  

 



 

 

 

 
 
 
 
 
 
CHAPTER 3: 
 

Fibrosis attenuation at 90-days post 

instillation with MWCNT in the PPARγ-

KO strain does not appear to be associated 

with the canonical TGFβ pathway 
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RESULTS: 

3.1 Granuloma size and fibrotic severity is decreased in PPAR𝛾-KO mice 90-days post 

instillation compared to 60-day. 

Previous studies have shown that instillation with MWCNT produces a granulomatous 

inflammatory response in both C57BL/6J and PPAR𝛾-KO mice.  In the C57BL/6J mice, 

granulomatous lesions are first evident 10-days post instillation, though the structures are small 

and poorly formed.  At 60-days, well-formed granulomas with MWCNT aggregates are 

found.  These structures remain present 90-days post instillation (19).  PPAR𝛾-KO mice are 

characterized by exacerbated granuloma formation at the 60-day time point compared to 

C57BL/6J mice, indicating a greater inflammatory response (27).  Prior to this study, the 

PPAR𝛾-KO strain had not been evaluated 90-days post instillation. 

Given that PPAR𝛾 is a negative regulator of pro-inflammatory macrophage activation 

(25), we expected PPAR𝛾-KO granulomatous lesions to remain large and well-formed 90-days 

post instillation.  Surprisingly, granulomas were attenuated at 90-days compared to their 60-day 

counterparts (Figure 1A).  These histological observations were quantified using a scoring 

system that takes granuloma size and frequency into account.  As expected, granuloma scores in 

C57BL/6J tissue were similar at both timepoints.  Both 60 and 90-day tissue samples had 

granuloma scores of 1-2 (Figure 1B).  PPARγ-KO lung scores were higher than those of 

C57BL/6J at 60-days, receiving scores between 3-5, repeating previous findings (38) (Figure 

1B).  At 90 days, PPARγ-KO granuloma sizes were reduced compared to those at 60 days with 

scores between 1-2 (Figure 1B). These results corroborate the qualitative data.   

In addition to granuloma size, we investigated fibrotic severity in granulomatous regions 

at both timepoints.  Previous studies have shown that PPAR𝛾-KO mice display significantly 
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more fibrosis at 60-days compared to C57BL/6J mice (38).  Our results confirmed this finding at 

60-days though by 90-days post instillation fibrosis was attenuated (Figure 2).  Low levels of 

fibrosis were observed in C57BL/6J mice at both timepoints (Figure 2). 

 

3.2 The canonical TGFβ signaling pathway does not appear to the be the source of fibrosis 

attenuation in PPARγ-KO mice at 90-days post instillation. 

Histological data reveals that in addition to granuloma resolution, the PPARγ-KO strain 

has decreased fibrosis surrounding the granulomatous lesions at 90-days post instillation.  This 

finding initiated an exploration of TGFβ, a well-studied profibrotic mediator.  We were 

especially interested in TGFβ because studies have shown that it is upregulated in cells from 

human sarcoidosis patients compared to healthy controls (40).  Previously, our lab has shown 

that TGFβ is increased in MWCNT-exposed PPARγ-KO mice at 60-days post instillation 

compared to PBS instilled controls (38).  This result led to the hypothesis that TGFβ contributes 

to the observed increase in fibrosis at 60-days in the PPARγ-KO strain and may be involved in 

the attenuation at 90-days.  

In the current study, TGFβ gene expression and protein were assessed in conjunction with 

gene expression of two downstream mediators in the canonical TGFβ signaling pathway, Smad3 

and Smad7.  Smad3 is a receptor activated transcription factor that is phosphorylated by TGFβ.  

Once activated, it dimerizes and translocated to the nucleus to affect the transcription of 

profibrotic genes.  Smad7 is an inhibitory factor that antagonizes TGFβ signaling through 

binding to TGFβ and inhibiting the phosphorylation of Smad3 (41).   
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Our results confirm that TGFβ protein is increased in the MWCNT condition at 60-days 

(p = 0.0068) and show that protein levels are further increased at the 90-day timepoint               

(p = 0.0318) (Figure 3A).  TGFβ gene expression data, however, is decreased at 90-days 

compared to PBS controls (p = 0.0119) (Figure 3B).  There is a slight decrease but not a 

significant difference between the MWCNT gene expression at 60 and 90-days.  Further qPCR 

analyses did not reveal changes between the 60 and 90-day MWCNT conditions for Smad3 and 

Smad7 (Figure 3C; Figure 3D).  Taken together, these results do not suggest that the canonical 

TGFβ pathway is the source of fibrosis attenuation surrounding the granulomatous regions in the 

PPARγ-KO strain at 90-days post instillation with MWCNT.  
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DISCUSSION: 

  

Instillation with MWCNT produces a granulomatous inflammatory response in both 

C57BL/6J and PPAR𝛾-KO mice.  In C57BL/6J mice, well-formed granulomas are evident by 

60-days post instillation.  These structures persist at 90-days (19).  Given that PPAR𝛾 is a 

negative regulator of pro-inflammatory macrophage activation, we hypothesized that 

granulomatous inflammation in PPAR𝛾-KO mice instilled with MWCNT would persist to 90-

days post instillation. Surprisingly, the mice at the 90-day timepoint were characterized by 

poorly formed, small granulomas in contrast to those harvested 60-days post instillation.  

Additionally, while fibrosis accumulation is observed in 60-day MWCNT instilled mice, the 90-

day timepoint revealed attenuated fibrosis.  These findings led to further investigation with the 

PPAR𝛾-KO mice at 90-days post instillation to determine key factors involved in the resolution 

of granulomatous structures and fibrosis.  

We began by looking at the canonical TGFβ pathway, a well-studied mechanism of 

fibrogenesis.  Gene expression from PPARγ-KO BAL cells revealed decreased TGFβ expression 

at 90-days when fibrosis is decreased.  However, downstream mediators, Smad3 and Smad7, 

were unchanged between the 60 and 90-day MWCNT conditions.  These findings lead us to 

believe that the canonical TGFβ pathway may not be responsible for the observed change.  

Contrary to the gene expression data, results from a TGFβ ELISA assay on BAL fluid revealed 

that TGFβ protein is elevated in MWCNT conditions at 60 and 90-days compared to PBS 

controls.  90-day MWCNT levels were significantly higher than those at 60-days.  This data does 

not support the gene expression results.  Because BAL fluid is composed of soluble compounds 
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from a variety of cell types, including epithelial cells, it is likely that the increased TGFβ content 

is not from the macrophages, the key drivers of granulomatous formations.  

TGFβ and the Smad family of protein’s role in fibrogenesis is widely recognized, 

however Smad-independent pathways have been implicated in the pathogenesis of fibrosis in 

lung tissue (41, 42).  Mediators in these pathways include c-Abi kinase and Erk1/2 (41-43).  

Future studies could evaluate factors in these alternative pathways to determine their 

involvement in the reduction of fibrosis at 90-days post instillation in the PPARγ-KO strain.  

Fibrosis is the result of fibroblast activation and subsequent ECM deposition 

(44).   Pulmonary fibrosis is a result of several diseases including sarcoidosis and idiopathic 

pulmonary fibrosis (IPF).  IPF is a progressive disease that causes scar tissue build up in the 

lungs, impairing lung function.  There are several differences between the fibrosis observed in 

sarcoidosis and IPF.  Sarcoidosis affects younger populations, has a lower mortality rate, and is 

characterized by fibrosis found predominantly in the upper lobe (44).  IPF affects older patients, 

has a higher mortality rate, and causes fibrosis in peripheral regions and in the lower lobe of the 

lung (44).  Despite these differences, both sarcoidosis associated fibrosis and that caused by IPF 

are widely believed to be irreversible (44-46).   

Several animal models of pulmonary fibrosis have been developed in addition to our 

MWCNT model.  The most widely studied model of IPF is the bleomycin model in which 

bleomycin causes pulmonary inflammation and fibrosis after intratracheal or intravenous 

instillation (47).  A limitation of this model is that fibrosis resolves within three weeks (47). This 

is true for most models of pulmonary fibrosis; however, the degree of reversibility is not uniform 

(48).  Models with more intense fibrotic triggers and prolonged exposure have less fibrosis 

attenuation (48, 49).  The mechanism of this reversal is unknown; however, factors with possible 
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involvement are currently under evaluation. Three areas of current research include proteolytic 

degradation of the ECM including collagen types I and III, inhibition of myofibroblast 

differentiation, and the role that macrophage polarization plays in fibrosis reversal (48).  M2 

macrophages are associated with fibrotic remodeling (50). Future experiments should evaluate 

the BAL cell population in C57BL/6J and PPAR𝛾-KO mice at 60 and 90-days post instillation to 

determine if changes in macrophage phenotype occur as fibrosis decreases. 

 

Current literature describes human pulmonary fibrosis observed in diseases such as 

sarcoidosis and IPF as irreversible (44-46).  However, fibrosis attenuation occurs in several 

animal models (48) including our PPAR𝛾-KO mice at 90-days. The mechanism of this reversal is 

not well understood and is the topic of many current studies. Further research is required to 

understand how fibrosis in animals is achieved and if it can elucidate factors for therapeutic 

reversal of fibrosis in human patients.  
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Figure 1. Granuloma size is decreased in PPARγ-KO mice 90 days post instillation 

compared to 60-days and C57BL/6J mice.  (A) Lung sections from 60 and 90-day C57BL/6J 

and PPARγ-KO mice treated with MWCNT were stained with H&E.  Representative images are 

shown for each strain and timepoint at 40X magnification.  Qualitative analysis was completed 

on n ≥ 6 per group.  (B) Granuloma scoring for C57BL/6J and PPARγ-KO strains at 60 and 90-

days post instillation.  Data is represented as mean ± SEM for n ≥ 8 per group; *** and **** 

represent p < 0.001 and p < 0.0001 respectively by Student’s t-test.  
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Figure 2. PPARγ-KO mice display exacerbated fibrosis 60-days post instillation and 

attenuated fibrosis at 90-days.  Lung sections from 60 and 90-day C57BL/6J and PPARγ-KO 

mice treated with MWCNT were stained with Gomori’s trichrome for collagen (stained blue).  

Representative images are shown for each strain and timepoint at 40X magnification. Qualitative 

analysis was completed on n ≥ 6 per group. 
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Figure 3. Decreased fibrosis in the PPARγ-KO model at 90-days is not associated with 

decreased expression of mediators implicated in canonical TGFβ signaling. A). TGFβ 

protein in BAL fluid from PPARγ-KO mice 60 and 90-days post instillation.  Gene expression 

from PPARγ-KO BAL cells for (B) TGFβ, (C) SMAD3, and (D) SMAD7.  Data is represented 

as mean ± SEM for n = 4-11 per group.  * and ** represent p < 0.05 and p < 0.01 respectively by 

Student’s t-test. (Data points are represented as dCT values.  Increased dCT values represent 

decreased gene expression and vice versa.) 
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MMP12 and OPN protein is decreased in 

PPARγ-KO tissue 90-days post instillation 
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RESULTS: 

4.1 MMP12 and OPN is decreased in 90-day MWCNT exposed PPARγ-KO lung tissue 

compared to 60-day.  

 Matrix Metalloproteinase-12 (MMP12) is a member of a family of extracellular 

endopeptidases.  The protein is involved in macrophage activation and plays a role in the regulation 

of inflammation through interactions with cytokines (32, 33).  Osteopontin (OPN) is a cytokine 

and potent chemoattractant that has been implicated in cell-mediated immune responses (33).  

OPN has been shown to regulate several macrophage functions including migration, survival, and 

pro-inflammatory cytokine production (33).  The activity of OPN is regulated through post 

translational modifications (35).  

MMP12 is known to cleave OPN, enhancing its cellular adhesion properties, which 

promotes the growth and persistence of granulomatous lesions (33-35).  Previous work from our 

laboratory has implicated MMP12 and OPN as important factors in granuloma formation in the 

MWCNT murine model of sarcoidosis (19).  Upon the observation of granuloma resolution in the 

PPARγ-KO strain at 90-days post instillation with MWCNT, we investigated these two factors 

through a time course study.  At 60 and 90-days post instillation of PPARγ-KO mice with PBS or 

MWCNT, we assessed gene expression from BAL cells, protein in BAL fluid, and performed 

immunocytochemistry on BAL cells and tissue sections.   

qPCR analyses indicated that both MMP12 (Figure 1A) and OPN (Figure 1B) gene 

expression increases in the 60 and 90-day MWCNT conditions compared to PBS controls.  

MMP12 expression decreases between the 60 and 90-day MWCNT conditions (p = 0.0002) 

(Figure 1A).  This is not observed for OPN.  MMP12 and OPN ELISA assays on BAL fluid support 
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the qPCR finding and show that both proteins are increased in the 60 and 90-day MWCNT 

conditions compared to PBS controls (Figure 2A, Figure 2B).  OPN protein is decreased in 

MWCNT instilled 90-day samples compared to the 60-day MWCNT condition (p = 0.033) (Figure 

2B).  This is not observed for MMP12.  

Immunocytochemistry was performed on BAL cells collected by cytospins and were 

stained separately with antibodies to MMP12 and OPN.  Representative images reveal that cells 

from 60-day PBS and MWCNT instilled PPARγ-KO express similar levels of MMP12 (Figure 3).  

An increase in MMP12 protein is observed between the PBS and MWCNT instilled groups at 90-

days (Figure 3).  Greater fluorescence is observed in 90-day MWCNT BAL cells when compared 

to 60-day MWCNT samples (Figure 3).  The results from OPN BAL cell staining is similar to 

MMP12 staining.  OPN is increased in the 60-day and 90-day MWCNT conditions compared to 

their PBS controls (Figure 4).  As observed with MMP12, the 90-day MWCNT condition has 

increased OPN expression compared to the 60-day MWCNT group (Figure 4).  

Lung sections from PPARγ-KO samples were subjected to immunohistochemistry.  Sixty 

and 90-day PBS and MWCNT instilled sections were stained separately with antibodies to MMP12 

and OPN.  Both MMP12 (Figure 5) and OPN (Figure 6) increased in the 60-day MWCNT 

conditions compared to 60-day PBS controls.  At the 90-day timepoint, MMP12 fluorescence is 

unchanged between PBS and MWCNT instilled mice (Figure 5).  When stained with OPN, 90-day 

tissue reveals decreased OPN expression in the MWCNT condition compared to PBS (Figure 6).  

Interestingly, both MMP12 and OPN is decreased in MWCNT at 90-days when compared to 60-

day MWCNT instilled tissue (Figure 5; Figure 6).  This result suggests that MMP12 and OPN both 

play a role in granuloma resolution at 90-days in the PPARγ-KO strain as granulomas persist and 
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resolve within pulmonary tissue.  Table 1 provides a summary of the changes in MMP12 and OPN 

gene expression and protein in PPARγ-KO mice between the 60 and 90-day MWCNT conditions.  
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DISCUSSION: 

 Our observation that granulomas resolve in MWCNT instilled PPARγ-KO mice 90-days 

post instillation, lead to a study of MMP12 and OPN in effort to understand the mechanism 

responsible for the decreases in granulomatous inflammation.  Because the observed differences 

take place between the 60 and 90-day MWCNT PPARγ-KO mice, we focused our experiments 

within the PPARγ-KO mice to investigate potential drivers of granuloma resolution.  Table 1 

summarizes the findings.    

 MMP12 gene expression in MWCNT-exposed PPARγ-KO BAL cells is decreased at 90-

days compared to 60-days in BAL cells.  Protein levels in the BAL fluid are unchanged between 

the timepoints.  OPN gene expression is unchanged in the BAL cells between the two conditions, 

however, protein in the BAL fluid is decreased at 90-days.  Interestingly, we observe increases in 

both MMP12 and OPN at 90-days when immunocytochemistry is performed on BAL cells. 

Contrary to our findings from the BAL cell staining, MMP12 and OPN protein is decreased in 

MWCNT-instilled lung tissue sections at 90-days compared to 60-days.  This result suggests 

involvement in the resolution of granulomas at 90-days post instillation.  This finding in tissue 

sections is especially important as pulmonary granulomas form and resolve within lung tissue.  

 Increased MMP12 and OPN in BAL cells at 90-days post instillation was an unexpected 

result.  It is possible that the macrophages are working to clear the proteins at this timepoint when 

granulomas are resolving, which could explain the increases. Future experimentation at 120-days 

post instillation could provide insight.  If protein levels are decreased at this timepoint in the BAL 

cells, it could indicate that there is a change in macrophage phenotype as macrophage polarization 

in response to specific microenvironments is known to alter function.  BAL cells should be 

assessed for markers of M1, M2, and further subtyped macrophage populations to determine if a 
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change in phenotype occurs.  It is also possible that the protein detected in the BAL cells is inactive. 

Future studies should be performed to assess OPN and MMP12 activity.  

While further research is necessary to understand the mechanism behind the increased 

expression of MMP12 and OPN in BAL cells and their decreased expression in tissue, the fact that 

their expression follows the same trend suggests that they may work together to resolve 

granulomas.  As mentioned previously, OPN is activated through post translational modifications 

(33-35).  MMP12 is known to cleave OPN, regulating its role in cell-mediate immune responses 

and tissue remodeling (34, 35).  Future studies are necessary to define the mechanism of action for 

the two proteins and assessing if protein in BAL cells is active.  This could be aided by assessing 

the levels of cleaved OPN in BAL cells and tissue to determine OPN activity, which can be 

accomplished through immunostaining.  Zymography assays could be employed to assess MMP12 

activity.  Such studies may clarify the relationship between MMP12 and OPN and their role in 

granuloma resolution in PPARγ-KO mice 90-days post instillation with MWCNT.  
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Figure 1. MMP12 gene expression is decreased in MWCNT challenged PPARγ-KO BAL 

cells at 90-days post instillation compared to those at 60-days.  qPCR analysis of (A) MMP12 

and (B) OPN in BAL cells from PPARγ-KO mice 60 and 90-days post instillation with PBS or 

MWCNT.  Data is represented by mean dCT ± SEM for n ≥ 5 per group; **, ***, and *** 

represents p  0.01, p  0.001, and p  0.0001 respectively by Student’s t-test. (Data points are 

represented as dCT values.  Increased dCT values represent decreased gene expression and vice 

versa.) 
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Figure 2. OPN protein is decreased in 90-day BAL fluid from MWCNT-instilled PPARγ-

KO mice compared to 60-day.  Analysis of (A) MMP12 and (B) OPN proteins in BAL fluid 

collected from PBS and MWCNT instilled PPARγ-KO mice 60 and 90-days post instillation.  

Data is represented by mean ± SEM for n ≥ 5 per group; *, ***, and **** represents p  0.05, p 

 0.001, and p  0.0001 respectively by Student’s t-test. 
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Figure 3. MMP12 protein is increased in BAL cells from MWCNT PPARγ-KO mice 

90-days post instillation compared to 60-days.  Immunocytochemistry was performed 

on BAL cells collected by cytospins.  Cells were stained with antibody to MMP12 and 

counterstained with DAPI to localize nuclei.  Qualitative analysis was completed on n ≥ 

3 per PBS group and n ≥ 4 for MWCNT groups.  Representative images are shown for 

each treatment and timepoint at 20X magnification.  
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Figure 4. Immunocytochemistry on BAL cells reveal increased OPN protein in 

MWCNT instilled PPARγ-KO mice 90-days post instillation.  BAL cells were 

collected by cytospins and stained with antibody to OPN.  Slides were counterstained 

with DAPI to localize nuclei.  Qualitative analysis was completed on n ≥ 3 per PBS 

group and n ≥ 4 for MWCNT groups.  Representative images are shown for each 

treatment and timepoint at 20X magnification.   
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MMP12 DAPI MERGED 

Figure 5. PPARγ-KO granulomatous tissue contains elevated MMP12 protein 60-

days post instillation and decreased MMP12 protein at 90-days.  Lung sections from 

60 and 90-day PBS and MWCNT instilled PPARγ-KO mice were stained with antibody 

to MMP12 and counterstained with DAPI to localize nuclei.  Qualitative analysis was 

completed on n ≥ 3 per PBS group and n ≥ 4 for MWCNT groups.  Representative 

images are shown for each treatment and timepoint at 20X magnification.  
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Figure 6. OPN is decreased in PPARγ-KO MWCNT-challenged tissue at 90-days 

post instillation compared to 60-days.  60 and 90-day lung sections from PBS and 

MWCNT instilled PPARγ-KO mice were stained with antibody to OPN and 

counterstained with DAPI to localize nuclei.  Qualitative analysis was completed on n ≥ 

3 per PBS group and n ≥ 4 for MWCNT groups.  Representative images are shown for 

each treatment and timepoint at 20X magnification.  
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Table 1. Summary of changes in MMP12 and OPN gene expression and protein in PPARγ-

KO mice instilled with MWCNT at 60 and 90-days.  
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APPENDIX A: ANIMAL USE PROTOCOLS 

  



 

 

 

 

APPENDIX B: LIST OF Qiagen qPCR PRIMERS 

 

Target Name Catalog Number 

GAPDH PPM02946E 

MMP12 PPM03619F 

OPN PPM03648C 

Smad3 PPM04461C 

Smad7 PPM03073F 

TGFβ PPM02991B 



 

 

 

 

 


