
ABSTRACT 

DUKE, KATHERINE SUE HLAVINKA. A Tale of Two Carbon Nanotubes: Inflammatory, 

Fibrogenic, and Immune Responses to Tangled and Rod-like Multi-Walled Carbon Nanotubes 

in Genetically Susceptible Mouse Models. (Under the direction of Dr. James C. Bonner). 

 

Engineered nanomaterials (ENMs) are currently incorporated into numerous consumer 

goods and have several beneficial uses. However, the safety of these emerging materials is not 

fully understood. One class of ENM, multi-walled carbon nanotubes (MWCNTs), have a fiber-

like shape and similar properties to asbestos and thus potentially pose similar health risks. 

Physicochemical characteristics differ between different types of MWCNTs and determine 

their pulmonary toxicity. The extent of MWCNT-induced toxicity and resultant disease in the 

lung can be worsened by genetic susceptibility factors. For example, mice lacking the signal 

transducer and activator of transcription 1 (STAT1) are more susceptible to injury-induced 

pulmonary fibrosis and mice heterozygous deficient in the tumor suppressor p53 are highly 

susceptible to sarcomas and mesothelioma development from exposure via intraperitoneal 

injection of asbestos or MWCNTs. Pulmonary exposure of both wild type or genetically 

susceptible mouse models to tangled (t-) or rod-like (r-) MWCNTs was hypothesized to result 

in differing pulmonary immune, fibrotic, and neoplastic responses that would be exaggerated 

STAT1- and p53-deficient susceptible mouse models. A measurement of rigidity was 

determined for these MWCNTs, and the rMWCNTs were found to be 7-fold more rigid than 

the tMWCNTs. Oropharyngeal aspiration of vehicle, 4mg/kg tMWCNTs or 4mg/kg 

rMWCNTs in wild type and STAT1 knockout (Stat1-/-) mice was completed and samples 

collected one- and 21 days later. We found that exposure to rMWCNTs results in larger 

granulomas, mucous cell metaplasia and more inflammogenic and fibrogenic responses 

compared to tMWCNTs. Increased rMWCNT-induced airway fibrosis was measured and 



found to be significant in wild type mice, and significantly greater in Stat1-/- mice. Increased 

airway fibrosis was found to be due to a mechanism involving STAT1-dependent suppression 

of transforming growth factor (TGF) -β1 and reduced activation of its downstream signaling 

molecule, Smad2/3. Oropharyngeal aspiration of vehicle, 1 mg/kg tMWCNTs, or 1 mg/kg 

rMWCNTs once a week for a total of 4 mg/kg over 4 weeks was completed in wild type and 

p53 heterozygous knockout mice. Lung tissues were collected from mice 11 months following 

the initial exposure. MWCNTs were found in singlet and aggregate forms in the lung tissue 

after chronic exposure and rMWCNTs were found to result in larger granulomas, increased 

inducible lymphoid tissue, greater proliferation of granulomatous associated cells, and greater 

epithelial cell hyperplasia compared to tMWCNTs. We also found vehicle-treated p53 

heterozygous mice to have significantly higher area of endogenous inducible lymphoid tissue 

in the lung compared to wild type mice. These studies highlight the mechanism of MWCNT-

mediated fibrosis and the hyperplastic and immunogenic differences these materials pose in 

the lung. These results cumulatively demonstrate the importance of physicochemical 

properties of MWCNTs and genetic susceptibility in determining immunologic, fibrogenic or 

neoplastic disease. 
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CHAPTER 1 

Introduction 

Adapted from WILEYs Nanomedicine and Nanobiotechnology Review: Duke KS and Bonner 

JC. (2017) Mechanisms of Carbon Nanotube-Induced Pulmonary Fibrosis: A 

Physicochemical Characteristic Perspective 

 

1.1 Introduction to Carbon Nanotubes 

Carbon nanotubes (CNTs) are a class of engineered nanomaterial (ENM) that comprise a major 

portion of the nanotechnology market. CNT production rates increase each year for 

incorporation into a variety of consumer products. Of interest, CNTs have unique optical, 

physical, and conductive properties that enhance the functionality of polymers, batteries, and 

electronics 1. Single-walled CNTs (SWCNTs) are a rolled graphene sheet with a diameter 

similar to that of a DNA double helix (1 to 4 nm), whereas multi-walled CNTs (MWCNTs) 

are composed of multiple concentric layers of graphene and may have a diameter typically 

between 10 and 100 nm. Both SWCNTs and MWCNTs may have lengths in the micrometer 

range. CNTs are synthesized by processes, such as chemical vapor deposition, that require high 

temperatures and metal catalysts to initiate the reaction process to ‘grow’ a forest of CNTs.  

Increased manufacturing of CNTs implicates an increasing risk of occupational exposure and 

development of pulmonary diseases. Exposure to CNTs occurs primarily at the manufacturing 

level where they are first synthesized 2. However, the potential for exposure also occurs during 

or after incorporation into consumer products, during recycling, or after disposal. Therefore, 
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potential human exposure to CNTs throughout their life cycle may be of concern particularly 

because of their striking similarities to a known pulmonary toxicant, asbestos. Of specific 

interest to the safety and risk assessment community is the potential for CNTs, like asbestos, 

to result in pulmonary diseases like fibrosis and cancer (e.g. adenocarcinoma and 

mesothelioma).  

 

Overview of CNT-Induced Pulmonary Fibrosis in Rodents 

Experimental evidence in rodents shows that inhalation or aspiration exposure to CNTs causes 

pulmonary fibrosis, a disease characterized by excessive deposition of collagen and 

progressive lung tissue scarring 3–5. Pulmonary fibrosis is defined by the American Thoracic 

Society as the production and deposition of collagen in the lung resulting in the buildup of scar 

tissue, thereby reducing the exchange of oxygen and carbon dioxide between the alveolar 

airspace and pulmonary capillaries 6.  From a historical perspective, it is well-established that 

inhalation of specific types of particles and fibers such as silica, metals, coal dust, or asbestos 

leads to the development of pulmonary fibrosis 7–10.  Thus, there is already a fundamental 

understanding of some of the cellular and molecular mechanisms of pulmonary fibrosis caused 

by particle or fiber exposure. However, due to the unique physicochemical characteristics of 

CNTs, including but not limited to their nanoscale dimensions, these ENMs may interact with 

the intracellular microenvironment or extracellular matrix to mediate fibrotic reactions in the 

lungs or other tissues through novel mechanisms that remain to be elucidated.  As CNTs are 

relatively new in terms of their emergence into society, there is no comprehensive 
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epidemiologic data to convincingly support the conclusion that all types of CNTs will cause 

pulmonary fibrosis, as human exposures thus far have been limited, and the development of 

pulmonary fibrosis in humans may take decades to manifest respiratory symptoms after the 

initial exposure due to the long latency period of the disease. Understanding specific CNT 

physicochemical characteristics that are important for initiating and perpetuating lung injury 

will be important towards determining the relative risk for pulmonary fibrosis. Deposition of 

inhaled ENMs in the lung depends on many factors, one of which is size. Particles on the 

nanomaterial scale are able to be inhaled deep into the lung, reach the alveolar region, and 

interact directly with alveolar macrophages and epithelial cells 11,12. Because of their small 

size, CNTs also have the potential to be transported from the lungs into the systemic circulation 

or lymphatic system and reach organs such as the liver, kidney, heart, brain, and the thymus 

11,13. With increasing production and use of CNTs, it is imperative that we understand 

mechanisms of CNT-induced pulmonary fibrosis in order to evaluate a wide spectrum of 

different CNT types for relative risk in order to prevent a future respiratory disease.   

 

Exposure Methodology as a Determinant of CNT-Induced Pulmonary Fibrosis 

Fibrosis has been documented in the lungs of rodents after exposure to CNTs delivered by 

several methods, including inhalation, instillation, or oropharyngeal aspiration. Inhalation 

exposure is ideal as it represents a more realistic exposure in terms of deposition patterns in 

the lung that would occur in occupational settings. The deposition of inhaled CNTs is 

determined by several factors including size, shape, electrostatic charge, and aggregation state. 
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Inhalation exposure to well-dispersed MWCNTs results in deposition into the distal regions; 

i.e., alveolar duct bifurcations and alveolar epithelial surfaces of the lungs of mice or rats 4,14. 

Less aggregated or more dispersed nanotubes are more biologically available for macrophage 

uptake and clearance from the lung. Inhalation of dry or aerosolized CNTs in surfactant-

containing media causes diffuse interstitial fibrotic lesions within the alveolar and subpleural 

regions of the lung. Exposure by instillation or oropharyngeal aspiration, which involves a 

bolus delivery of CNTs suspended in aqueous media, can also result in deposition at distal sites 

in the lungs if the nanoparticles are well-dispersed, but typically stimulate focal granuloma 

formation. Furthermore, experiments conducted in multiple laboratories at different 

institutions using harmonized methods and identical sources of CNTs have demonstrated 

interlaboratory reproducibility in deposition patterns and pro-inflammatory responses in the 

lungs of mice and rats 15. Many studies have reported granulomas in the lungs of rodents 

resulting from agglomerated SWCNTs or MWCNTs lodged within small airways, but this is 

not observed in most inhalation studies probably due to better dispersion of the respirable 

fraction of inhaled CNTs, which primarily includes singlet CNTs or small agglomerates of 

CNTs. Methods for dispersing CNTs in an aqueous suspension using surfactant-containing 

media prior to instillation or aspiration in rats or mice have greatly improved, making this route 

of exposure generally acceptable 16. Moreover, long term in vivo studies demonstrate that while 

CNTs clear from the lung to some extent via the mucociliary escalator or pulmonary 

lymphatics, longer nanotubes remain in the lung tissue of rodents over time due to their 
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biopersistent nature 13,17,18. Rodent exposure methods (e.g., inhalation vs aspiration) should be 

taken into consideration when comparing the relative fibrotic effects of CNTs.  

 

Exposure Methodology as a Determinant of CNT-Induced Carcinogenesis 

Interestingly, to date there are few inhalation, instillation or inspiration studies with evidence 

of CNT inducing tumors, however, surrogate assays deploying intraperitoneal (i.p.) injections 

of asbestos or MWCNTs into the abdomen, pleural space, or scrotum of mice or rats do show 

incidences of mesothelioma development 19–24. Inhalation exposure of CNTs is optimal due to 

its more relevant exposure; however, this method has not been observed to result in the 

development of mesothelioma from either CNT or asbestos exposures. Recently, one study of 

MWCNT (MWCNT-7) inhaled by F344 rats for 104 weeks resulted in instances of epithelial 

hyperplasia, bronchiole-alveolar carcinoma and adenoma 25. Another study employing a trans 

tracheal intrapulmonary spraying (TIPS) technique to deliver MWCNTs in male F344/Crj rats 

resulted in large agglomerates of MWCNTs in the lungs and observed about 50% of the 

animals develop neoplasms including malignant mesothelioma, adenoma, and adeno-

carcinoma 26. While lung deposition is similar between methodologies, there are differences in 

the aggregate status of the CNTs. Inhalation exposure results in greater dispersion of singlet 

CNTs while aspiration results in greater aggregation. Exposure method is an important 

consideration when determining carcinogenic potential of CNTs.  
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1.2 Physicochemical Properties of CNTs as Determinants of Disease Severity 

Physicochemical properties of CNTs are key in determining their reactive potential. Size, 

charge, length, rigidity, residual metal catalyst content, and surface functionalization can each 

greatly impact the toxicity and fibrogenic and carcinogenic potential of these materials.  

 

Residual Metal Catalyst Content 

A variety of metals are used as catalysts in the manufacturing of CNTs by chemical vapor 

deposition (CVD). For instance, cobalt is used as a catalyst in the synthesis of MW- and SW-

CNTs, while nickel or iron have been used as catalysts in the synthesis of MWCNTs. These 

same metals are known to mediate pulmonary fibrosis in humans in occupational settings 27. 

For example, nickel is known to cause occupational asthma and contact dermatitis, whereas 

iron and cobalt cause interstitial pulmonary fibrosis in occupations related to mining and 

metallurgy. Metal catalysts used in the CVD manufacturing process become integrated into the 

carbon structure of nanotubes and mediate at least some of the proinflammatory effects seen 

after exposure to MWCNTs in rodents. For example, activation of macrophage inflammasomes 

and subsequent interleukin- (IL-) 1β production induced by MWCNT-exposure is due at least 

in part to residual nickel contamination 28. Acid washing of MWCNTs removes some, but not 

all, of residual nickel and interlaboratory comparisons of the pro-inflammatory effects of acid-

washed MWCNTs versus pristine MWCNTs show that neutrophilic inflammation in the lungs 

of mice is reduced by partial removal of nickel 29,30. The biological availability of trace metals 

on or in CNTs limits their interactions in the lung and resulting pathology in vivo.  Residual 
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metal content has the potential to drive CNT pulmonary toxicity and should be a consideration 

in the design of CNTs.  

 

Length  

CNTs can have a length that greatly exceeds their nanoscale diameter (10-100 nM) and this 

high length to width aspect ratio is an important determinant of their toxic potential. Only a 

few studies have addressed variations in length as a determinant of fibrosis. One study 

comparing two MWCNTs, a long (5-15 µm) and a short (350-700 nm) MWCNT, found 

pulmonary fibrosis to be length-dependent. In this study, mice treated with long MWCNTs via 

instillation resulted in a significant increase in expression of the profibrotic mediator 

transforming growth factor (TGF) -β1 and collagen deposition in the lungs compared to those 

treated with the shorter MWCNTs 31. Another study examined the effects of a long (~12 µm) 

and a short (~1 µm) SWCNT on fibroblasts in vitro and found the longer SWCNTs to induce 

greater reactive oxygen species, collagen, and TGF-β 17. These data were also validated in vivo 

by oropharyngeal aspiration exposure of mice to the long or short SWCNTs; while both 

treatments resulted in collagen deposition in the lungs of these mice, greater fibrosis was 

measured in the lungs from the mice treated with the longer SWCNTs 17. Furthermore, 

instillation of long (20-50 µm) MWCNTs in rat lungs resulted in macrophage activation and 

profibrotic mediator (TGF-β1) production as well as greater fibroblast proliferation, collagen 

production, and granuloma formations compared to rats treated with short (0.5-2µm) 

MWCNTs 32. Interestingly, direct instillation of two types of long or two types of short CNTs 



8 

 

 

 

 

into the parietal pleura resulted in greater inflammation and fibrogenesis from both the long 

CNTs and greater clearance of the shorter CNTs 24. Length is also a key property of these 

nanomaterials that determines their clearance from the lung where longer MWCNTs are 

retained in the lung and unable to exit through stomata in the lung lymph system and persist in 

the lung and pleural space 24. Length is clearly a property of CNTs that plays a key role in 

determining the exposure risk of CNT pulmonary fibrogenesis and toxicity. 

 

Rigidity  

Toxicity and fibrogenic potential of CNTs can also be derived from how long, rigid or tortuous 

they are versus how short, flexible and pliable they are. MWCNTs from different 

manufacturing sources possess different degrees of rigidity even though they may have similar 

width and length; some are ‘curly’ whereas others are straight. This comparison is reminiscent 

of the comparison between asbestos fiber types; chrysotile asbestos is a curly fiber whereas 

crocidolite asbestos is a more toxic straight rigid fiber. A useful metric for assessing rigidity 

that has been adopted by the International Standards Organization is the static bending 

persistence length (SBPL) and bending ratio, which are derived by measuring convolutions 

within the nanotube structure from transmission electron microscope (TEM) images 33. Thick 

straight MWCNTs delivered to the lungs of female mice via intratracheal instillation cause 

similar inflammatory responses yet result in more severe pulmonary fibrosis and interstitial 

pneumonia compared to thinner, more curled MWCNTs 34.  Long, rod-like MWCNTs disrupt 

macrophage function because their length makes them more resistant to compaction within the 
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cell resulting in CNT protrusion from the macrophage causing frustrated phagocytosis, 

disruption of cell membranes, and cell death 35,36. Cell membrane disruption also causes 

leakage of cellular constituents (e.g., reactive oxygen species, enzymes, cytokines) that can 

cause injury to surrounding cells and tissues. Rod-like MWCNTs also result in mucous cell 

metaplasia while tangled MWCNTs do not 37–39. While CNT length is an important 

determinant of clearance rate from the lungs, length alone does not necessarily determine CNT 

persistence 32,40. For example, long SWCNTs or tangled MWCNTs can be compacted and 

contained within phagolysosomes after uptake by macrophages without causing frustrated 

phagocytosis (Fig. 1.1). Rigid, rod-like, MWCNTs disrupt macrophage function if the 

nanotube length exceeds the width of the engulfing phagocyte, however short, rigid MWCNTs 

are capable of being taken up and cleared by macrophages without causing frustrated 

phagocytosis. Therefore, both rigidity and length are important determinants when considering 

the fibrogenic potential of these ENMs. 

 

Surface Functionalization 

Functionalization refers to surface modification (e.g. coatings or side-chain additions) of CNTs 

and is important in enhancing specific properties of CNTs. These modified nanomaterials can 

be useful as polymer composites, sensors, and for biomedical applications. Functionalization 

of CNTs can be accomplished via two predominant methods; atomic layer deposition (ALD) 

or molecular layer deposition (MLD), however others are being developed or optimized 41. 

CNTs have been functionalized with carboxyl (R-COOH), amine (R-NH3), polysaccharide 
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hyaluronic acid groups, metal oxides (aluminum oxide, zinc oxide, titanium dioxide) and silver 

(summarized in Table 1.1). The nature of the coating can influence the biocorona, which refers 

to proteins, lipids, and other biomolecules that adsorb to the nanomaterial 42. CNT coatings 

alter profibrotic mediators released from THP-1 monocytes (IL-1β) and epithelial BEAS-2B 

cells (TGF-β1, platelet derived growth factor (PDGF)-AA) in vitro, suggesting that these 

coatings will similarly modify cytokine release and pulmonary fibrosis in vivo 43. Nearly all 

the published work on CNTs have used ‘pristine’ or unmodified CNTs. These studies are 

relevant to human occupational exposures where individuals will be exposed to CNTs directly 

after synthesis. However, most CNTs will likely undergo some sort of post-synthesis 

functionalization to modify or enhance their unique properties. This means that most consumer 

and environmental exposures will be related to some type of functionalized CNTs. Surface 

functionalization can also influence agglomeration status of CNTs. For example, 

agglomeration of CNTs due to electrostatic forces presents a problem for the purposes of many 

engineering designs and a variety of dispersal agents (e.g., surfactants) have been employed to 

improve dispersion by reducing electrostatic attraction 16,44. More dispersed CNTs delivered 

to mice cause a more severe chronic interstitial fibrosis in the lungs along with elevated levels 

of growth factors (PDGF and TGF-β1) that play important roles in the promotion of 

fibrogenesis 45. However, some functionalizations can reduce the fibrogenic response of CNTs, 

even though they remain dispersed. For example, R-COOH CNTs cause similar rat lung 

inflammation and fibrosis 46,47, but reduced mouse neutrophilic lung inflammation as compared 

to unmodified CNTs 48, and cause less pulmonary fibrosis 43,49. Likewise, aluminum oxide 
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(Al2O3) ALD coating of MWCNTs results in decreased fibrosis compared to uncoated 

MWCNTs in vivo 50. MWCNT coating with polyethylene glycol (PEG) also results in 

decreased fibrotic mediators IL-1β, TGF-β1, and PDGF-AA compared to pristine exposure 43 

furthermore, hyaluronic acid coating results in decreased airway fibrosis and inflammation 51. 

In contrast, polyetherimide (PEI) functionalized CNTs result in increased collagen deposition 

and fibrosis in the lungs of mice 43. Zinc oxide (ZnO) ALD coating of MWCNTs also results 

in acute systemic inflammation in mouse lungs in vivo and proinflammatory cytokine (e.g., IL-

6) production in THP-1 monocytes in vitro. However, ZnO-MWCNT exposure in the lung in 

vivo does not result in an altered fibrotic response compared to uncoated MWCNTs 52. 

Therefore, some functionalization processes reduce CNT-induced toxicity and lung injury 

while others increase toxicity and the potential for fibrogenesis. A comparison of different 

types of functionalized MWCNTs and their relative fibrotic potential is shown in Table 1.1.  

Thus, to best assess human health effects, consideration should be given to both acute and 

chronic effects of functionalized CNTs. Consumer exposure to specific types of functionalized 

CNTs in products is largely unknown based on this information being classified ‘proprietary’ 

by CNT manufacturers and their clients.  An increasing variety of functionalization’s are 

employed to modify specific characteristics of CNTs, which makes assessing the toxicity each 

type of functionalized CNTs in rodents impractical. In response to this growing challenge, high 

through-put in vitro screening techniques will be necessary to test the vast majority of 

engineered nanomaterials for toxic signatures 53. 

 



12 

 

 

 

 

Table 1.1. Summary of fibrogenic effects of CNT surface functionalizations in rodent models. 
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1.3 Mechanisms of CNT-Induced Fibrosis 

It is well established that rodents exposed to CNTs via inhalation, instillation, or aspiration 

develop pulmonary fibrosis 12,44,54–56. CNTs initiate an early inflammatory response in the lung 

characterized by increased cytokine and chemokine production by resident lung cells (e.g., 

macrophages, epithelial cells) followed by neutrophil recruitment and infiltration. The 

persistence of CNTs in the lung leads to chronic activation of pulmonary cells to produce pro-

fibrogenic growth factors (e.g., TGF-β1, PDGF) and increased production of extracellular 

matrix (ECM) proteins (e.g., collagens, fibronectin) that lead to progressive fibrogenesis. The 

mechanism of CNT-induced fibrogenesis is driven largely by the production of reactive 

oxygen species (ROS) which serve to activate intracellular signaling pathways that favor the 

increased production of pro-fibrogenic growth factors (Fig. 1.1). The resultant increase in pro-

fibrogenic cytokines also expands the resident fibroblast population by recruiting circulating 

fibrocytes which differentiate into myofibroblasts in the lung, and by stimulating the 

differentiation of resident lung epithelial cells or fibroblasts into myofibroblasts. 

 



14 

 

 

 

 

 

 

Figure 1.1. Macrophage host responses to carbon nanotubes (CNTs) differs based on selected 

physicochemical properties. Longer, tangled or short, rod-like CNTs are able to be engulfed 

and contained within a phagolysosome while long, rod-like CNTs result in frustrated 

phagocytosis, ROS production, and activation of signaling pathways resulting in the 

production of profibrogenic cytokines. 
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Oxidative Stress as an Initiator of CNT-Induced Fibrosis 

Oxidative stress is a major driver of inflammation and fibrosis. CNTs have the potential to 

generate ROS directly in the absence of cells, possibly due the presence of residual metal 

catalysts (e.g., Fe, Co, Ni). Alternatively, ROS can be generated by lung cells stimulated with 

CNTs via activation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidases, as 

shown in vitro with macrophages, fibroblasts, and alveolar epithelial cells 57–60. Treatment of 

RAW264.7 macrophages with SWCNTs results in the induction of inflammatory cytokine 

production ( tumor necrosis factor (TNF)-α, IL-1β, IL-6), NADPH oxidase activation, and 

nuclear factor (NF)-κB activation 57. Interestingly, when comparing SW- versus MW- CNTs, 

ROS production in vitro activates the same pathways, however, SWCNTs are more acutely 

toxic compared to MWCNTs due to enhanced ROS generation 57. Alveolar macrophages in 

particular are notorious for releasing a ‘respiratory burst’ of ROS after activation with particles, 

fibers, or bacterial products. Generated ROS can then activate the inflammasome and induce 

the release of the pro-inflammatory IL-1β, a leukocyte pyrogen that is secreted after pro-IL-1β 

is cleaved by caspase 61. Elevated ROS also causes the release of profibrotic cytokines like 

PDGF and TGF-β1 62. Systemic oxidative markers of stress are increased after MWCNT 

treatment of mouse lungs showing an increase in DNA 8-hydroxy-2’-deoxyguanosine adducts 

in the urine as well as increased lactate dehydrogenase, tumor necrosis factor-α, IL-1β, mucin, 

and surfactant protein -D in the lavage fluid after one-day of exposure; all levels decrease after 

a week except mucin and surfactant protein-D 63. The initial burst of CNT-induced oxidative 

stress causes cellular damage and is pivotal in perturbing inflammation and the fibrogenic 
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potential of these materials. A decrease in ROS, achieved via antioxidant N-acetyl cysteine 

(NAC) treatment, results in suppressed fibrosis in the lungs of MWCNT-treated mice 61. 

NADPH oxidase, a membrane associated enzyme which produces ROS when internal 

metabolism of CNTs occurs, adds to intracellular oxidative stress. The removal of a critical 

subunit of NADPH oxidase via induced knockout reduced ROS generation and resulted in 

decreased bleomycin-induced fibrosis as measured by a hydroxyproline assay for collagen 

deposition in mouse lungs compared to wild type counterparts 64. Suppression of ROS by 

nuclear factor erythroid 2-related factor (Nrf2) reduced inflammation, and fibrosis in the lungs 

of mice treated with MWCNTs as Nrf2 knockout mice exhibit increased basal collagen 

deposition and immune cell infiltration in the lung 65. Oropharyngeal aspiration of MWCNTs 

into mouse lungs resulted in increased Nrf2 expression 65. ROS can also be generated by 

macrophages as a result of frustrated phagocytosis, where excess ROS from the 

phagolysosome is released into the lumen and surrounding tissue causing inflammation and 

promotion of fibrosis (Fig. 1.1) 66. Elevated levels of ROS can trigger redox sensitive switches 

within a cell to activate redox responsive cellular signaling (i.e. NF-κB, ERK). Initial ROS 

generation from CNT-cell interactions initiates the inflammatory response and drives the 

beginning steps of fibrosis. 

 

Inflammasome Activation 

Increasing evidence demonstrates that CNTs and other fiber-like materials (e.g., asbestos, 

silica), cause an inflammatory response via activation of the macrophage inflammasome. 
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Inflammasomes are intracellular protein scaffolds that incorporate activated caspase-1 to 

cleave pro-IL-1β to a mature, secreted form of IL-1β. IL-1β has a variety of key functions in 

inflammation, including the recruitment of neutrophils to sites of lung injury. CNTs have been 

reported to stimulate inflammasome activation in macrophages 61,67,68. Inflammasomes likely 

play an important role in host defense to pathogens and inhaled nanomaterials (including 

CNTs), but have also been implicated in a variety of disease states 69. Inflammasome activation 

is a two-step process where step 1 involves induction of pro-IL-1β by stimulation of toll-like 

receptors (e.g., TLR4 activated by LPS). It has also been suggested that high-mobility group 

box 1 (HMGB1) can serve to initiate step 1 of the inflammasome mechanism 70. Step 2 involves 

organization of the inflammasome scaffold and cleavage of pro-IL-1β to mature IL-1β and is 

initiated by fiber-like agents such as asbestos, silica, and CNTs.  MWCNTs stimulate 

inflammasome activation (i.e., step 2) through lysosomal disruption and ROS production 61. 

Activation of the inflammasome has been proposed as a mechanism of CNT-induced 

pulmonary fibrosis.  Inflammasome activation and IL-1β release is clearly important for 

recruiting neutrophils to the lung to participate in microbial killing 71. Moreover, 

inflammasome activation occurs primarily in classically activated macrophages (CAMs) that 

function in microbial killing. In contrast, “alternatively activated macrophages” (AAMs) are 

the predominate phenotype in fibrosis and are polarized by Th2 cytokines, such as IL-4 and 

IL-13 72. Interestingly, inflammasome activation and IL-1β production is suppressed by IL-4 

and IL-13 in human THP-1 macrophages in vitro and in the lungs of mice sensitized with house 

dust mite allergen prior to MWCNT exposure by oropharyngeal aspiration 73. The mechanism 



18 

 

 

 

 

of inflammasome suppression by these Th2 cytokines is through a STAT6-dependent decrease 

in pro-caspase-1, the precursor to caspase-1 which serves as the key inflammasome component 

to cleave pro-IL-1β to mature IL-1β 73. This study also showed that MWCNT exposure 

exacerbated allergen-induced airway fibrosis and yet reduced IL-1β and neutrophils in the 

lung, suggesting that inflammasome activation was not a mechanism of airway fibrosis in this 

model system. Neutrophilia is a common response to MWCNT exposure in the lung. An 

important study showed that IL-1 receptor knockout (IL-1R KO) mice do not display 

neutrophilia and yet develop pulmonary fibrosis to a greater degree than wild type mice 74. 

Recently, inflammasome activation by MWCNTs in human airway epithelial cells in vitro was 

reported as a possible mechanism of driving pro-fibrogenic responses in fibroblasts 75. The role 

of inflammasomes and IL-1β in CNT-induced fibrosis remains controversial and whether IL-

1β is pro-fibrogenic or anti-fibrogenic may depend on temporal expression in the lung, which 

in turn could determine the duration of neutrophilic inflammation. 

 

Canonical TGF-β1 Pathway 

A major mechanism of collagen deposition in the lung involves production, activation and cell 

signaling via TGF-β1. CNTs stimulate pulmonary cells (e.g., epithelial, macrophage, or 

fibroblast) to produce latent TGF-β1 which can be sequestered in the ECM by thrombospondin 

1 or can be cleaved to an active form via proteolysis 76–79. Active TGF-β1 then binds to a 

transmembrane tetramer receptor consisting of two type I and two type II receptors on 

mesenchymal cells such as fibroblast or myofibroblasts. These TGF-β1 receptors activate the 
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Smad anchor for receptor activation (SARA) to recruit transcription factors Smad2 and/or 

Smad3. The type I receptor is a serine/threonine kinase which phosphorylates and activates 

Smad2/3. A trimer of two phosphorylated Smad2/3 molecules and co-activator Smad4 then 

translocate into the nucleus where they recognize the Smad response element (SRE) and 

activate transcription of ECM mRNAs (col1a1, col1a2) which eventually become translated 

collagen proteins that can be secreted by the cell. Negative feedback occurs as the SRE also 

activates transcription and expression of Smad7, a repressor of Smad2/3 signaling. The activity 

of the phosphorylated Smad complex is primarily abolished by phosphatase activity or to a 

lesser extent ubiquitination of the complex 80. TGF-β1 signaling inhibits proliferation of most 

cell types, while also functioning to initiate the differentiation of fibroblasts into 

myofibroblasts 81. While TGF-β1 is pro-fibrogenic, it also has beneficial immunoregulatory 

properties by suppressing excessive inflammation; TGF-β1 knockout mice have a short 

survival time and ultimately succumb to systemic inflammation 82. TGF-β1 is increased in the 

lung lavage fluid of mice and rats in vivo several weeks after exposure to SWCNTs or 

MWCNTs by aspiration 56,83–85. Both SWCNTs and MWCNTs also induce TGF-β1 production 

by RAW264.7 macrophages and BEAS-2B lung epithelial cells in vitro 32,58,83,85,86. 

Physicochemical characteristics of CNTs, like length, can determine the degree of TGF-β1 

induction. For instance, long but not short MWCNTs enhance TGF-β1 and phospho-Smad2 as 

measured by immunohistochemistry of the lungs of mice exposed via intratracheal instillation 

31. It has also been demonstrated that the TGF-β1/Smad pathway is necessary for collagen 

production in mice in vivo and in fibroblasts in vitro after exposure to CNTs 32,56,87. The 
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mechanism for initiating increased TGF-β1 is not yet elucidated but is most likely a response 

to cellular oxidative damage and stress. While TGF-β1 appears to play a central role in fibrosis, 

it is unclear whether it will be a useful biomarker of exposure in humans. For example, workers 

exposed occupationally to MWCNTs express similar levels of TGF-β1 in sputum or serum as 

compared to unexposed control individuals, while sputum levels of other pro-inflammatory or 

pro-fibrotic cytokines (e.g., IL-1β, IL-4, IL-5, IL-6, TNF-α) were significantly increased 

compared to unexposed workers 88. Other epidemiology studies observe increased C-C motif 

ligand 20, basic fibroblast growth factor and IL-1 receptor II 89.Taken together, there is strong 

evidence to support a role for TGF-β1 driven collagen synthesis as a key mechanism of CNT-

induced fibrogenesis, yet it is unclear whether TGF-β1 will be a useful early biomarker of 

fibrosis to monitor occupational exposure to CNTs. 
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Figure 1.2. Cell signaling in the lung after carbon nanotube (CNT) exposure resulting in 

expansion of the myofibroblast population through three possible mechanisms: fibroblast-to-

myofibroblast differentiation, epithelial-to-mesenchymal transition (EMT), and recruitment 

and differentiation of circulating fibrocytes. 

 

Epithelial to Mesenchymal Cell Transition 

Pulmonary fibrosis is the result of a disruption in the homeostatic balance of epithelial and 

mesenchymal cell survival in the lung 90. The process of epithelial to mesenchymal cell 

transition (EMT) occurs when epithelial cells are stimulated to undergo differentiation to a 

myofibroblast phenotype (Fig. 1.2) 91. During this process, epithelial cells lose their adhesion 

strength and polarity while gaining invasive and migratory properties 92. EMT induced by 

MWCNTs can be mediated via TGF-β1 stimulation and the resultant immediate but transient 
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activation of Smad2 31,93. Activation of Smad2 by long, but not short, MWCNTs results in an 

increase of collagen I and III 30 days after intratracheal instillation exposure in rats 32. Wang 

et al. also demonstrates that long MWCNTs interact directly with epithelial cells in vivo and 

in vitro to activate the TGF-β/Smad2 signaling pathway, resulting in alveolar type II epithelial 

cell (RLE-6TN) loss of E-cadherin, an epithelial cell specific adhesion molecule, and a gain of 

fibronectin expression thereby inducing EMT 93. Likewise, these MWCNTs are shown to 

directly interact with fibroblasts in vivo and in vitro and enhance expression of fibroblast-to-

myofibroblast specific marker expression (i.e. fibroblast specific protein (FSP-1), α-smooth 

muscle actin (α-SMA), and collagen III) in 3T3-L1 fibroblasts 93. Alternatively, human 

bronchial epithelial cells under TGF-β1-induced EMT are initiated by rod-like MWCNTs 

through Smad-independent activation of the AKT/GSK-3β/SNAIL signaling pathway 94. The 

GSK/SNAIL pathway is an established pathway that regulates the process of EMT 95. In other 

studies these same rod-like MWCNTs have been observed to directly promote EMT 32. In 

C57BL6 female mice, SWCNT exposure results in epithelial-derived fibroblasts composing 

almost half of the fibroblast population in the lung, demonstrating that epithelial-derived 

fibroblasts contribute significantly to CNT-induced pulmonary fibrosis 55. In vitro studies of 

human epithelial cells treated with low doses of MWCNTs demonstrate an altered morphology 

of epithelial cells towards a mesenchymal cell phenotype 96. Examining protein expression of 

epithelial or mesenchymal specific markers like E-cadherin, vimentin, α-SMA, and fibronectin 

can clarify the extent of differentiation of the epithelial-derived fibroblasts in EMT in human 

bronchoalveolar cells 96. CNT-induced pulmonary fibrosis is driven by an increase in the 
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myofibroblast population, some of which can be derived from epithelial cells through the 

process of EMT. 

 

Expansion of the Resident Lung Myofibroblast Population 

In addition to EMT, the resident lung fibroblast population can be amplified via growth factor-

induced proliferation (i.e., hyperplasia) by stimulation of fibroblasts to differentiate into 

myofibroblasts (Fig. 1.2). This can occur in fibroblasts in vitro directly in the presence of TGF-

β1 32. PDGFs are an important family of growth factors that also drive fibroblast proliferation 

97. This family of glycoproteins is composed of two chains of PDGF-AA, -BB, -AB, -CC, and 

-DD. PDGFs act as both mitogens and chemoattractants for fibroblasts. Transgenic 

overexpression of the PDGF-B gene in rat lungs causes increased fibroblast proliferation and 

collagen deposition 98. Exposure of rats or mice to MWCNTs by intratracheal instillation or 

oropharyngeal aspiration, respectively, increases PDGF-AA in the bronchoalveolar lavage 

fluid as well as in bronchiolar epithelial cells and macrophages as determined by 

immunohistochemical staining 5,56,99. Priming of fibroblasts in vitro with low doses of growth 

factors TGF-β1, PDGF, or epithelial growth factor (EGF) and subsequent treatment of the 

fibroblasts with MWCNTs promotes proliferation through prolonged ERK1/2 signaling 62. 

Additionally, this study also showed that the ability of several different types of MWCNTs to 

stimulate proliferation was correlated with prolonged ERK1/2 signaling specifically in 

fibroblasts 62. Furthermore, rat pleural mesothelial cells treated in vitro with MWCNTs or 

nickel nanoparticles, a residual catalyst present in some MWCNTs, caused prolonged PDGF-
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induced ERK1/2 signaling and synergistically enhanced PDGF-induced chemokine production 

100. Mesothelial cell signaling of fibroblasts via chemokines or growth factors could be a 

mechanism of subpleural fibrosis observed in mice exposed to MWCNTs by inhalation 5. 

Treatment of mouse RAW264.7 macrophages with MWCNTs results in the production of 

ROS, inflammatory cytokines (IL-1β, IL-10, IL-6), and profibrogenic growth factors (PDGF 

and TGF-β1) that collectively promote the proliferation and transformation of lung fibroblasts-

to-myofibroblasts through paracrine signaling 58. Taken together, these data indicate that 

MWCNTs increase growth factor production (TGF-β1 and PDGF) and enhance growth factor-

induced cell signaling via ROS generation, resulting in expansion of the resident lung 

myofibroblast population. 

 

Circulating Fibrocyte Recruitment 

Fibrocytes are mesenchymal progenitor cells derived from the bone marrow that migrate 

towards sites of fibrosis and can play an active role in the development of fibrosis (Fig. 1.2). 

Fibrocytes express cell-surface markers related to leukocyte progenitor cells, and fibrocytes 

can differentiate into fibroblasts, myofibroblasts, or adipocytes. They have been demonstrated 

in both mouse and rat models to migrate from the bone marrow to sites of lung injury following 

bleomycin exposure through a mechanism involving the CXCR4 receptor and the release of 

its chemokine ligand CXCL12, as well as release of PDGF from the lung 101,102. Fibrocytes are 

identified by unique cell surface markers like hematopoietic stem cell marker CD34, leukocyte 

marker CD45, mesenchymal marker collagen I (COLI), and chemokine receptor (CCR7) 103. 
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Regulation of the CCR7 signaling pathway decreases differentiation and migration of human 

circulating fibrocytes 104. The number of circulating fibrocytes is positively correlated with 

pulmonary inflammation, collagen content, and severity of fibrosis 105. Furthermore, patients 

with interstitial lung diseases have higher levels of circulating fibrocytes, decreased lung 

function, and interstitial pneumonitis associated with collagen vascular disease compared to 

patients who do not experience these diseases 106. It is clear that circulating fibrocytes 

contribute to pulmonary fibrosis, but currently there is no research on their migration and 

differentiation after MWCNT exposure. The current state of research suggests circulating 

fibrocytes contribute to pulmonary fibrosis due to induction of lung PDGF production, and it 

is known that MWCNTs induce PDGF in the lung. However, further studies need to be 

conducted to better understand the role of fibrocytes in the development of pulmonary fibrosis 

from CNT exposures. 

 

Alternative Macrophage Activation 

Pulmonary exposure to CNTs can result in a Th1 or a Th2 driven immune microenvironment. 

A Th1 driven response conventionally is stimulated by a viral or bacterial infection polarizing 

macrophages towards a classically activated M1 function, compared to an alternatively 

activated M2 macrophage which is polarized under the influence of a Th2 microenvironment. 

A Th1 driven M1 macrophage drives the inflammatory response by producing interferon 

(IFN)-γ, IL-12, IL-6, and other pro-inflammatory cytokines. MWCNTs that are more flexible 

or tangled promote a Th1 response in the lungs of mice exposed via oropharyngeal aspiration 
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marked by neutrophilia 39. MWCNTs that have been functionalized with a carboxyl group have 

the ability to activate phospholipase C (PLC) and recruit macrophages through the 

PLC/IP3/Calcium release-activate calcium channel signaling pathway 107. M2 macrophages 

are classically driven by helminth infection and TGF-β1 stimulation. M2 macrophages also 

produce more TGF-β1 in response to stimuli. Interestingly, a rod-like MWCNT treatment via 

oropharyngeal aspiration results in a more Th2 response as indicated via mucous cell 

metaplasia and/or eosinophilia 38. M2 macrophages produce Th2 cytokines, like IL-4, IL-5, 

and IL-13 which drive the adaptive immune response and are upregulated in bleomycin-

induced fibrosis 108. IL-17 is also upregulated in bleomycin treated lungs which can down-

regulate the Th1 response and drive production of growth factors, like TGF-β1, and result in 

excess collagen deposition into the ECM and decreased collagen metabolism thereby 

disrupting homeostasis 108. Therefore, the microenvironment cultivated by CNT exposure can 

drive differential immune responses based on the physicochemical properties of the CNTs. 

 

1.4 Genetic Susceptibility to Pulmonary Fibrosis 

There are multiple genes that determine susceptibility to pulmonary fibrosis. Variability in 

rodent genetic strain and sex differences are two very important susceptibility factors to 

consider when first designing a study. In addition, studies with transgenic “knockout” mice 

have provided evidence for specific genes in lung fibrosis caused by CNT exposure.  A loss or 

deficiency of genes coding for key factors involved in the process of the immune response, 

cell to cell adhesion, and wound healing pathways can determine the susceptibility and severity 
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of CNT-induced fibrogenesis. Though the literature provides a plethora of these deficiencies 

with regard to pulmonary fibrosis in general, only a handful have been investigated specifically 

with CNT exposures in experimental animals and are discussed in Fig. 1.3. 

 

 

Figure 1.3. Protein modulators of carbon nanotube (CNT)-induced pulmonary fibrosis 

identified from transgenic mouse studies and how they regulate inflammation and fibrosis. 

 

Rodent Strain Variation 

Inherent variability between genomes of mouse or rat species is an important determinant in 

fibrogenesis after pulmonary injury by a variety of agents. Walkin et al. reviewed strain 

differences of mice in the development of fibrosis and concludes that strain variation is a 

determinant for organ specific fibrosis severity 109. A study examining pulmonary 

inflammation and fibrosis following intratracheal instillation of an alkylating agent, like 
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melphalan or mustard gas, in six strains of rats (DA, PVG, PVG.1AV1, WF, F344, LEW) 

exemplifies the genetic component of the severity and response timing of inflammation and 

fibrosis following lung injury 110. Interestingly, 90 days post exposure, F344 rats have little to 

no increase in collagen content compared to controls, while all five other strains do 110. 

Likewise, studies of bleomycin-induced pulmonary fibrosis in multiple strains of mice finds 

the severity of fibrosis and collagen deposition in the lungs to be strain dependent as well 111. 

Specifically, the C57BL/6 strain responds greater than DBA/2, Swiss, and BALB/c mice with 

the least response observed in BALB/c mice 111. Another study examining the fibrotic outcome 

of pulmonary exposure to vanadium pentoxide in two mouse strains found increased 

inflammatory and collagen content in DBA/2J mice compared to C57BL/6J mice 112. 

Therefore, strain susceptibility to pulmonary fibrosis may depend on the agent used to induce 

fibrosis. Of interest, the sex of mice has also been linked to the inflammatory response 

experienced by mice following MWCNT aspiration exposure where female mice, especially 

those with reduced glutathione levels, have reduced neutrophilia and MWCNT clearance from 

their lungs 113. Currently, there is a lack of information on sex differences in response to 

pulmonary exposure to CNTs. The strain of the rodent model used for CNT exposures is an 

important consideration when analyzing the effects of CNTs in the lung, and when evaluating 

for fibrotic endpoints the study design should utilize susceptible mouse strains to truly assess 

the fibrogenic potential of these nanomaterials. 
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Specific Mediators Determining Susceptibility  

Signal Transducer and Activator of Transcription-1 (STAT1): The signal transducer and 

activator of transcription-1 (STAT1) plays a key regulatory role in suppressing the 

development and progression of CNT-induced fibrogenesis. STAT1 is a transcription factor 

that is responsive to IFN -α, -β, and -γ stimulation. IFN-γ activates the transmembrane 

interferon receptor (IFNAR) -1 and -2 which have an internal Janus kinase (JAK) activity to 

recruit and activate STAT1. Activation and dimerization of STAT1 leads to translocation of 

the dimerized transcription factors and expression of genes that are involved in growth 

inhibition. Individuals with idiopathic fibrosis and systemic sclerosis have decreased STAT1 

transcription and expression as well as fibroblast hyper-proliferation and apoptotic resistance 

114. STAT1 knockout mice exhibit an increased susceptibility to bleomycin induced fibrosis 

115. Furthermore, these STAT1 knockout mice experience MWCNT-induced exacerbation of 

fibrosis and asthma demonstrating STAT1 as protective against fibrosis 39. STAT1 knockout 

fibroblasts isolated from mouse lungs are hyper-responsive to TGF-β1 treatment, transcribing 

significantly more collagen mRNA and producing more soluble collagen than wild type 

primary mouse lung fibroblasts 39. STAT1 antagonizes the activity of other STAT family 

members (STAT3 and STAT6) that have been shown to play roles in promoting fibrogenesis. 

Therefore, a reduction or loss of STAT1 may also result in less restriction of STAT3 or STAT6. 

STAT3 is implicated in cell growth and carcinogenesis, while STAT6 is responsible for 

promoting a more allergic phenotype. TGF-β1 treatment of lung myofibroblasts has been 

shown to activate STAT3 and promote proliferation adjacent of epithelial damage 116. Either 
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STAT dysregulation would result in an abnormal phenotype and could result in increased 

proliferation or exacerbation of fibrosis or asthma 39.  

 

Peroxisome Proliferator-Activated Receptor (PPAR): Peroxisome proliferator-activated 

receptors (PPAR) are nuclear receptor proteins that heterodimerize to retinoid X receptor 

(RXR) and function as transcription factors to regulate processes of fibrogenic inflammation, 

cellular differentiation, and wound healing 117. There are three isoforms of PPARs -α, -γ, and 

-β/δ. Each of these have been found to play a role in fibrogenesis. PPARα is found to be highly 

expressed in the heart, muscle, kidney, and liver while PPARβ/δ and γ are ubiquitously 

expressed 118,119. In cases of idiopathic pulmonary fibrosis there is an incidence of down-

regulated peroxisomal biogenesis and metabolism 120. A reduction in peroxisomes from 

decreased biogenesis results in more severe inflammation and dysregulation of the wound 

healing process and exacerbation of fibrogenesis. PPARα knockout mice develop greater 

inflammation and fibrosis from bleomycin treatment than wild type mice, while PPARα 

agonist treatment paired with bleomycin resulted in decreased scaring of mouse lungs 121. 

Treatment of fibroblasts with a PPARα agonist results in a reduction of TGF-β1 induction of 

myofibroblast differentiation and collagen production 120. PPARβ/δ mainly plays a role in 

regulating the timing of inflammation to wound healing, however little is known about its role 

in pulmonary fibrosis 122. The most influential PPAR in fibrogenesis appears to be PPARγ. 

PPARγ is a negative regulator of inflammatory cytokines and knockout mouse models exhibit 

increased inflammation and inflammatory cytokine expression compared to controls 123. 
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Activation of PPARγ following pulmonary injury from bleomycin has been observed to 

promote the resolution of both inflammation and fibrosis by suppressing tumor necrosis factor 

α, procollagen I and connective tissue growth factor expression and was mainly found to be 

localized to alveolar macrophages and some parenchymal cells 124,125. Treatment of 

hypertrophic scar fibroblasts with a PPARγ agonist resulted in decreased expression of Smad3 

and Collagen 1 mRNA through induction of miR-145 126. Furthermore, PPARγ ligands inhibit 

TGF-β-induced myofibroblast differentiation in a dose-dependent manner through the 

PI3K/AKT pathway 127,128. PPARγ knockout mice have higher expression of Twist1, a 

transcription factor responsive to M1 but not M2 macrophage stimulation 129. Alveolar 

macrophages from mice 60 days post-MWCNT exposure exhibit a decrease in PPARγ 

expression and knockout mice exposed this way experience increased inflammation and larger 

granuloma formation 129. Furthermore, PPARγ knockout mouse skin fibroblasts experience an 

enhanced rate of dermal wound closure, and increased activation of Smad3, AKT, and ERK 

suggesting that PPAR functions to control fibroblast activation and function following injury 

130. As prominent regulators of inflammation, differentiation, fibrogenesis and wound healing, 

any PPAR deficiency combined with a fiber insult like CNT exposure could result in a more 

severe fibrosis. 

 

Osteopontin (OPN): Commonly used as a biomarker of lung diseases (i.e. idiopathic 

pulmonary fibrosis and non-small cell lung cancer), osteopontin (OPN) plays a pivotal role in 

inflammation, fibrosis and cancer and may be a good biomarker of particle-induce lung injury 
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as well 131,132. OPN, a glycoprotein also known as SPP1, regulates inflammatory infiltration, 

tissue and bone remodeling and metastasis. OPN is highly produced immediately following a 

titanium dioxide particle exposure during inflammation and OPN levels are maintained at high 

levels in BALF well into fibrogenesis 133.  Only recently have studies elucidated the role of 

OPN in CNT-induced fibrosis. OPN knockout studies have elucidated it’s regulatory role in 

the transition from inflammation to fibrogenesis where OPN knockout mice on a C57BL/6J 

background had decreased fibrosis, as well as reduced TGF-β1 levels and TGF-β1 signaling 

after exposure to rMWCNT via pharyngeal aspiration 134. Furthermore, OPN was shown to 

promote MWCNT-induced fibrosis through the activation of TGF-β1 signaling and thereby 

promote myofibroblast differentiation 134. The requirement of OPN to stimulate TGF-β1 and 

thereby activate TGF-β1 signaling is critical in the development and severity of MWCNT-

induced pulmonary fibrosis. 

 

Myeloperoxidase (MPO): Myeloperoxidase (MPO) is a lysosomal peroxidase enzyme 

produced and stored in neutrophil granulocytes which is released with the purpose of quickly 

producing hypochlorous acid during the neutrophil-mediated respiratory burst to kill 

pathogens. Peroxidases have also been implicated in the biodegradation of CNTs 135. 

Bronchoalveolar lavage fluid from B6 mice following a 24-hour exposure to uncoated or 

aluminum oxide coated MWCNTs experienced a significant increase in MPO, indicating that 

it is involved in the CNT host immune response 136. Changes to CNTs, like adding a metal 

oxide coating, may alter the biodegradation process and should be studied further. Degradation 
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of CNTs by neutrophilic MPO can decrease inflammation, as modeled from in vitro testing; a 

loss or reduction of MPO could then result in increased inflammation and fibrosis from a CNT 

insult 137. MPO knockout mice exhibit a 2.5-fold increase in lung collagen content compared 

to wild type counterparts treated with SWCNTs 138. MPO knockout mouse lungs also exhibit 

decreased clearance of SWCNTs compared to wild type exposed mice 138. Epidemiologic 

studies have identified a MPO polymorphism in women with hepatitis C that causes increased 

severity of hepatic fibrosis 139. MPO is key in the mechanism of CNT degradation which 

decreases tube length, thereby rendering CNTs more manageable for macrophage phagocytosis 

and clearance. A decrease or absence of MPO has the potential to extend the biopersistence of 

CNTs and prolong the inflammatory and fibrogenic effects of these materials in the lung. As a 

potentially important mechanism involved in the biodegradation of CNTs, the presence and 

function of MPO is likely important for the extent of inflammation and the severity of fibrosis. 

 

Tissue Inhibitor of Metalloproteinase (TIMP): Tissue inhibitor of metalloproteinases (TIMP) 

are a group of four proteinase inhibitors (TIMP-1, -2, -3, and -4) functioning to inhibit 

metalloproteinase degradation of ECM proteins. The regulatory balance of ECM production 

and deconstruction following injury is extremely important in the wound healing and 

resolution process.  Lungs from patients with idiopathic pulmonary fibrosis have 

overexpression of all four TIMP proteins and result in the accumulation of ECM and enhanced 

fibrogenesis 140. However, in a mouse model with bleomycin-induced pulmonary fibrosis, only 

TIMP1 was found to be significantly increased at both the mRNA and protein levels 141. 
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Similarly, TIMP1 mRNA and protein levels are rapidly induced in a time- and dose- responsive 

manner from MWCNT exposure in a mouse model; TIMP1 knockout mice display 

significantly less fibrotic foci, collagen, fibroblast recruitment and differentiation indicating it 

has a key role in pulmonary fibrosis caused by MWCNT exposure 142. Fibroblast expression 

of TIMP1 can be activated by epithelial cell inflammasome activation and production of IL-

1β and IL-18 thereby promoting a profibrogenic environment in vitro 75. TIMP1 complexes 

with CD63 and integrin β1 on the surface of lung fibroblasts consequently activating ERK1/2 

and promoting fibroblast activation and proliferation 142. An imbalance in the ratio of TIMP to 

matrix metalloproteinases (MMP) can be utilized as a measure of fibrosis. For example, 

bleomycin-treatment of rats results in a reduction in MMP-9/TIMP1 ratio; or a reduction in 

MMP-9 and increase in TIMP1 during the promotion of fibrosis 143. Unfortunately, while the 

studies referenced here did look at specific matrix metalloproteinases, they did not examine 

the ratio of TIMPs to MMPs to examine how these vary between controls and CNT-exposed 

lungs. The increased expression of TIMP proteins, specifically TIMP1, is associated with CNT 

injury and without it, tissue metalloproteinases continue to degrade the ECM subsequently 

dysregulating the balance of ECM production and deconstruction in favor of continued 

inflammation.  

 

1.5 Immune Response to CNT Pulmonary Exposure 

The innate and adaptive immune responses play a dynamic and complex role in the 

development of the pulmonary response to CNT exposure, and the type and severity of these 
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responses varies drastically depending on the physicochemical characteristics of the CNT. The 

immediate pulmonary immune response to CNTs is well characterized based on data from 

numerous acute studies observing initial inflammation and neutrophilia with most MWCNTs. 

However, the adaptive immune response to CNTs differs widely dependent on CNT and is 

poorly understood. 

 

Immediately following CNT or asbestos inhalation, instillation, or inspiration exposure rodent 

models experience neutrophilia and have instances of increased protein in the lung indicating 

physical damage to cellular components 37,56,83,144–146. Within three days post exposure to 

MWCNTs, there is a significant increase in acute phase cytokines (i.e. tumor necrosis factor 

(TNF)-α, CCL2, IL-1β, IL-6, and Il-1α) and growth factors (i.e. PDGF -A, -B, and -C) mRNA 

and/or protein levels in the lungs of mice and rats 56,145,147. Dependent on the residual metal 

content of the CNT, there have been instances of weight loss, lethargy, shivering, hypothermia, 

and death within hours following nickel but not iron containing-CNT exposure in mice 148. 

Generally, following seven days post exposure, the inflammatory profile changes either 

towards resolution of inflammation, profibrogenic, or chronic inflammation. Interestingly, the 

rigidity of the CNT can determine the predominant type of inflammation. A rod-like MWCNT 

has been shown to result in T helper cell type 2-driven allergic airway inflammation while a 

tangled MWCNT resulted in neutrophilia 38,149. Further investigation into this phenomenon 

resulted in the identification of an initial neutrophilic response accompanied with increased 

inflammatory cytokines (i.e. CXCL1, CXCL9 mRNA and protein) to both asbestos and rod-
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like MWCNT after 16 hours This inflammation switched predominantly to eosinophilia after 

7 days, and finally resulted in goblet cell hyperplasia and acidophilic macrophages containing 

Charcot-Leyden like crystals and increased proinflammatory cytokines (i.e. TGF-β1, TNF, and 

IL-1β mRNA) 38. The initial neutrophilic recruitment response was found to be dependent on 

the IL-1β-receptor 150. The tangled MWCNT experienced significantly decreased neutrophilia 

and proinflammatory cytokine production after 16 hours, however, the macrophages in mice 

exposed to the higher dose also contained comparable levels of Charcot-Leyden like crystals 

150. The rod-like MWCNT resulted in a significantly larger percent of lung occupied by 

granulomas 150. Differences in CNT properties have a significant effect on the acute and 

chronic inflammatory effects in the lung and determine if the lung progresses towards a disease 

state or resolves inflammation and recovers from the CNT insult. 

 

During times of chronic pulmonary inflammation or infection, tertiary lymphoid organs 

(TLOs) are induced and form functional B cell germinal follicles surrounded by T cell areas 

(Figure 4). The development of these TLOs is not pre-programmed during neonatal 

development and they form in addition to primary lymphatic tissues (i.e. bone marrow and 

thymus) and secondary lymphoid organs (i.e. spleen, Payers patch, lymph nodes, tonsils, 

mucosa associated-lymphoid tissue). These TLOs are thought to develop in order to aid the 

local immune response to what is inflicting the infection or inflammation. TLOs are termed 

based on their location within the lung. When adjacent to a bronchus or vessel these tissues are 

termed inducible bronchus-associated lymphoid tissue (iBALT), however when TLOs form in 
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the lung parenchyma independent of airways or vessels, they are termed ectopic lymphoid 

tissue (ELT). Healthy lung tissue in both mice and humans rarely develop TLOs. The presence 

of TLOs in the lung are tied to many disease states including Sjogren’s syndrome, idiopathic 

pulmonary fibrosis (IPF), rheumatoid arthritis (RA), autoimmunity, asthma, chronic 

obstructive pulmonary disease (COPD), respiratory infections, and lung cancer 151–153. 

 

 

Figure 1.4. Tertiary Lymphoid Structure. 

 

Interestingly, the development of these tissues is not well understood. TLOs are known to 

develop in mice within eight days of infection 154, and are known to be persistent for at least 

2-4 months in the absence of inflammation 155,156. There appears to be a developmental window 

in younger mice, where exposure to an inflammogenic source causes a robust development of 

TLO compared to older mice 155. Increased neutrophil inflammation is directly associated with 

increased TLO neogenesis and is suppressed by regulatory T cells 157. B cell knockout mice do 

not develop the B cell germinal center, and thus do not develop TLOs 158. Mice lacking primary 

or secondary lymphoid organs are capable of a robust response to respiratory viral infections 

where they survive higher doses of infection and clear the infection faster than normal 

T cell area B cell follicle 
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counterparts suggesting that TLOs provide a protective, less pathogenic response than systemic 

immune responses 159. In areas of TLOs there is enhanced protective immunity where T cells 

are primed and B cell education occurs to clear infectious agents. Dendritic cells are key in the 

organization and persistence of TLOs and in priming T cells at these locations 151,154. IL-17 

expression and activation of CXCL13 and CCL21 expression within TLOs, is required for 

development of the TLOs 155,159. Also, increased iBALT is associated with increased disease 

severity in COPD 158. Pulmonary exposure of rodents to particulate matter has resulted in 

increased incidences of formation. Cigarette smoke exposure resulted in increased iBALT and 

associated macrophages in models of COPD and emphysema which was shown to be a result 

of B cell derived IL-10 and MMP12 driving macrophage activation and continued 

inflammatory status in the lung 158. The chronic inflammatory response in the lung perpetuated 

by TLO neogenesis is one theory of how these are tied to autoimmunity. MWCNT exposure 

of Fisher 344 rats via intratracheal instillation resulted in a gradual increase of MWCNT in 

iBALT over time 160. The presence of MWCNTs within the TLOs is indicative of either 

macrophage or dendritic cell transfer of the materials to the lymphatic tissue. The lymphatic 

system is capable of clearing foreign material from the lung, however it is drastically slower 

than the intrinsic mucociliary escalator 160.  

 

1.6 Neoplastic Potential of Fiber-Like Exposures 

Due to the similarities CNTs have with asbestos they are a concern for the development of 

pulmonary tumors, such as carcinomas and mesothelioma. Though CNTs are similar to 
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asbestos, studies have a difficult time correlating the carcinogenic effects of asbestos observed 

in humans to those of CNTs in experimental models. To date there are some key studies 

focused on teasing out these effects in the lung and are summarized in Table 1.2 and Table 1.3. 

Combined in vivo and in vitro experimental data point in the direction of some CNTs being 

more of a risk than others.  

 

An increased number of cells in an organ, termed hyperplasia, occurs at times of cellular 

replacement during tissue repair. Hyperplasia is also the first step cells undergo on their way 

to dysplasia and cancer development. However, hyperplastic and dysplastic cells may or may 

not become cancer, and may simply be proliferating at a faster rate than normal. Mice exposed 

to SWCNTs and MWCNTs experience epithelial hyperplasia, alveolar hyperplasia and 

dysplastic characteristics (mitotic figures, anisokaryosis and anisocytosis) 37,44,161–163. 

Persistent hyperplasia is a characteristic of cancer development. Interestingly, oropharyngeal 

aspiration of crocidolite asbestos into male Non-swiss Albino CF-1 mice results in 

predominantly bronchoalveolar hyperplasia and the same exposure set-up of MWCNTs results 

in mostly alveolar hyperplasia of type II pneumocytes 161. Intratracheal instillation of SWCNT 

into C57BL/6 female mice also resulted in epithelial hyperplasia accompanied by an increase 

in fibroblast expansion and epithelial to mesenchymal transition 55. Aspiration of MWCNTs 

or asbestos in mice was observed to result in goblet cell hyperplasia after only 28 days 150.
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Table 1.2. Summarization of carcinogenic potential of CNTs in mice.  

 

Lesions Resulting from Fiber 

Exposure
Fibers Used Dose

Mouse 

Sex/Strain
Duration Exposure Method Study

granuloma, weight loss, lethargy, 

inactivity

RNT (SWCNT, Rice product), 

CNT (SWCNT CarboLex 

nanotubes), quartz

0.1 mg/head                             

0.5 mg/head
B6C3F1 7 and 90 days Intratracheal instillation Lam et al.  2004

pleural mononuclear aggragates, 

subpleural fibrosis

MWCNT (Helix Material 

Solutions)
1 mg/m

3
 or 30 mg/m

3 male C57BL/6J 
1 day, 2, 6, and 14 

weeks

Nose-Only Inhalation                        

(6 h)

Ryman-Rasmussen et al . 

2009

interstitial fibrosis, granuloma MWCNT-7 10, 20, 40, 80 µg/head male C57BL/6J 1, 7, 28, and 56 days Pharyngeal aspiration Mercer et al . 2011

acute pleural inflammation, parietal 

pleural fibrosis and mesothelial 

proliferation from long fibers

Amosite, NTshort 

(Nanostructured & amorphous 

Materials), NTtang1 (NanoLab), 

NTtang2 (NanoLab), NTlong1 

(MWCNT-7), NTlong2 

(University of Manchester), 

NiNWshort (CRANN-Trinity 

College Dublin), NiNWlong 

(CRANN-Trinity College 

Dublin)

5 µg/head
female 

C57BL/6J 

1 and 7 days                       

4, 12 and 24 weeks
Intrapleural injection Murphy et al . 2011

extrapulmonary transport MWCNT-7 5 mg/m
3 male C57BL/6J 1 and 336 days

Whole body inhalation                                  

(5h/d for 12 d)
Mercer et al . 2013

granuloma, fibrosis, inflammation MWCNT-7 5, 20, 40 µg/head male C57BL/6J 1, 3, 7, and 14 days Pharyngeal aspiration Dong et al . 2014

bronchiolo-alveolar adenoma, 

bronchiolo-alveolar 

adenocarcinoma, malignant 

sarcomatous mesotheliomas

MWCNT-7 + MCA 5 mg/m
3 male B6C3F1 17 months

Whole body inhalation                

(5h/d 5d/wk for 15 d)
Sargent et al . 2014

eosinophilia, mucous hypersecretion 

and increase in goblet cells with 

rCNT

tCNT (Cheap Tubes), rCNT 

(MWCNT-7)

6.2-8.2 mg/m
3
 (rCNT)        

17.5-18.5.51 mg/m
3 

(tCNT)

female BALB/c, 

C57BL Kit
W-

sh
/HNihrJaeBsm

J 

4 days
Whole body inhalation                   

(4h/d 4 d)
Rydman et al . 2014

broncho-alveolar hyperplasia and 

lympho-histiocytic infiltration near 

hyperplasia  with just MWCNT1, 

granuloma, fibrosis and 

inflammation resulting from both 

fibers

MWCNT1 (MWCNT-7), 

MWCNT2 (NM-400 Nanocyl)
2 mg/kg

female 

C57B16/J 
8 weeks Pharyngeal aspiration von Belro et al  2014
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Table 1.3. Summarization of carcinogenic potential of CNTs in rats. 

 

 

Lesions Resulting from Fiber 

Exposure
Fibers Used Dose Rat Sex/Strain Duration Exposure Method Study

pleural macrophage recruitment and 

activation
crocidolite, chrysotile

7.55 mg/m
3
 (crocidolite) 

8.51 mg/m
3
 (chrysotile)

male Fischer 

344 
6 weeks

Full body inhalation                 

(6h/d 5d/wk for 2 wk)
Choe et al . 1997

granuloma, fibrosis

MWCNT (Facultes 

Universitarires Notre Dame de 

la Paix Namur), Chrysotile

0.5 or 2 mg/head
female Sprague-

Dawley 

1, 3, 15, 28, and 60 

days
Intratracheal administration Muller et al . 2005

extrapulmonary transport of fibers 

into pleural space, granuloma, 

hyperplastic visceral mesothelial 

proliferation and inflammation

crocidolite, MWCNT-N 

(Nikkiso), MWCNT-M 

(MWCNT-7)

1.25 mg/head male F344 9 days
intrapulmonary spray (every 

other day for 9 days)
Xu J et al . 2012

granuloma, extrapulmonary transport 

of fibers, adenoma, adeno-

carcinoma, bronchiolo-alveolar 

carcinoma, malignant mesothelioma

MWCNT-N (Nikkiso) 1 mg/head male F344/Crj 109 weeks

Trans-tracheal 

intrapulmonary spraying                                                   

(8 times over 2 wk)

Suzui et al.  2016

carcinoma, epithelial hyperplasia, 

bronchiolo-alveolar carcinoma, 

adenoma, granuloma, focal fibrosis

MWCNT-7 0.02, 0.2, or 2 mg/m
3 

male and female 

F344/DuCrlCrlj 
104 week

Whole body inhalation                

(6h/d 5d/wk for 104 wk)
Kasai et al . 2016
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Intrapulmonary spraying of MWCNTs or crocidolite in F344 rats five times over nine days 

was seen to result in hyperplastic proliferative lesions of the visceral mesothelium, and these 

lesions were associated with inflammatory cell infiltrate and fibrosis in pleural tissues 164,165. 

Of interest, the hyperplastic lesions on the pleural lining did not contain any foreign material 

164. Furthermore, pharyngeal aspiration of other nanomaterials, like carbon nanofibers and 

graphene nanoplates in rats and mice also results in hypertrophy and hyperplasia of the 

epithelium 166,167. ENMs, especially CNTs, have the ability to cause epithelial hyperplasia and 

may be a potential risk for transition from hyperplasia to dysplasia in the lung.  

 

Abnormal cellular growth marks the transition from hyperplasia to neoplasia. CNTs may be 

able to initiate this transition. MWCNTs have been shown to promote pulmonary tumor 

growth. In mice pretreated with a known tumor initiator and promoter 3-methylcholanthrene 

(MCA) followed by exposure to MWCNTs, an increase in the incidences of broncho-alveolar 

adenocarcinomas and sarcomatous mesotheliomas was observed, demonstrating the role of 

MWCNT as a tumor promoter 168. Other chronic studies exposing mice just to CNTs have 

observed incidences of interstitial fibrosis 56,169, parietal pleural fibrosis and inflammation 24, 

subpleural fibrosis and mononuclear aggregates at the pleura 12, and broncho-alveolar 

hyperplasia coupled with lympho-histiocytic infiltration 170.  Exposure of rats to MWCNTs via 

TIPS resulted in about half of the exposed rats developing tumors (i.e. malignant 

mesothelioma, adenoma, adeno-carcinoma) 26. A more recent study exposing rats to MWCNT 

observed carcinoma, adenoma and epithelial hyperplasia 25. The sensitivity and susceptibility 
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of tumorigenesis and mesothelioma development is very different between mouse and rat 

models. However, the current literature is suggestive of the capability of CNTs to induce 

carcinogenesis in the lung.  

 

The induction of malignant mesothelioma has been studied in vivo in rodent lungs and by 

extrapulmonary exposures methods (summarized in Table 1.4). To date, only pulmonary CNT 

exposure of rats has resulted in MWCNT-induced lung tumors, and only two studies have 

observed mesothelial hyperplasia or malignant mesothelioma 26,164. Intrapleural injection of 

CNTs into rats and mice has resulted in mesothelial proliferation 24. Multiple studies have 

shown extrapulmonary transport of CNTs from the rodent lung into the pleura and lymphatic 

system 13,26,164. The translocation of these CNTs within 24 hours suggests that CNTs are able 

to reach the pleura and persist for long periods of time. Surrogate assays employing the 

mesothelial lining of the abdomen inject the CNTs or asbestos interperitoneally into rodents 

and observed malignant mesothelioma development. Of greatest significance are two studies 

utilizing mice deficient in one allele of the tumor suppressor p53. These studies i.p. injected a 

rod-like MWCNT and crocidolite asbestos into p53 deficient mice and observed that 

mesothelioma developed at a faster pace from MWCNTs compared to asbestos 19,20. A follow 

up study administered intrascrotal injections of rod-like MWCNTs and crocidolite into rats 

and observed mesothelioma and mesothelial hypertrophy and hyperplasia from the MWCNTs 

but not crocidolite 22.  Further studies administrating CNTs via i.p. injections have also 

observed mesothelioma development 23,171,172. Interestingly, several studies using different 
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manufactured CNTs did not observe mesothelioma development, but did observe 

adenocarcinoma or granulomatous inflammation 173,174. What has been consistent between 

studies is the fact that MWCNT induce faster tumor development than asbestos in these 

extrapulmonary exposure models 19,20,22,171. It is based on these facts that has led the 

International Agency for Research on Cancer (IARC) to classify the MWCNT-7, a rod-like 

MWCNT, as group 2B or a possible human carcinogen. Interestingly, to date pulmonary 

exposure of mice to MWCNT or asbestos alone has not resulted in mesothelioma development. 
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Table 1.4. Extrapulmonary MWCNT exposures and mesothelioma development. 

 

 

1.7 Mechanisms of CNT-Induced Neoplasms 

MWCNTs are a concern for cancer development due to their similarities to asbestos and 

resulting potential development of asbestos-related tumors like malignant pulmonary 

Lesion Fibers Used Dose Duration Species Exposure Method Study

granuloma, inflammation

NanoLab (NTtang1, 

NTtang2), MWCNT-7 

(NTlong1), Univeristy 

of Manchester 

(NTlong2), Asbestos 

(Amosite)

50 µg/head 1, 7 day
female C57BL/6J 

mice

Intraperitoneal 

instillation
Poland et al . 2008

mesothelioma

MWCNT-7, 

crocidolite, fullerene 

C60

3 mg/head 10, 180 day
male p53

-/+ 

C57BL/6 mice

Intraperitoneal 

injection
Takagi et al . 2008

peritoneal mesothelioma 

and fibrosis, mesothelial 

hyperplasia, granuloma 

formation, mononuclear 

lymphocyte inflammation

MWCNT-7 300, 30 and 3 µg/head 1 year
male p53

-/+ 

C57BL/6 mice

Intraperitoneal 

injection
Takagi et al . 2012

mesothelioma, 

mesothelial hypertrophy 

and hyperplasia, 

granuloma, ascites

MWCNT-7
1 mg/kg  or 0.24 

mg/head

granuloma, crocidolite
2 mg/kg or 0.47 

mg/head

Granuloma

SWCNT, MWCNT 

(Shenzhen Nanotech 

Port Co LTD)               

*No control group

10mg/head 1 year F344 rats

Intraperitoneal 

implantation of 

pharmaceuticle hard 

gelatine capsule

Vagara and Szendi 

2010

 fibrosis MWCNT-7 (NT50a) 1, 5 mg/head 1 month

malignant mesothelioma

MWCNT-7 

(NT50a), Showa 

Denko (NT50b, 

NT145, NTtngl)

1, 10 mg/head 12 months

granuloma, rare 

adenocarcinoma, 

fibroadenomas

Showa Denko 

(NTtngl), MWCNT-

7 (NT50a)

10 mg/head
lifetime (<3 

years)

male and female 

Fischer 344/brown 

Norway F1 hybrid 

rats

Intraperitoneal 

administration
Nagai et al . 2013

malignant mesothelioma, 

granuloma, mesothelial 

hyperplasia with 

multifocal papillary 

projections

Amosite, WHO 

MWCNT (A, B, C, 

D)

1, 5 x 10
9
 fibers/head 2 years Wistar Rats

Intraperitoneal 

injection

Rittinghausen et al. 

2014

peritoneal mesothelioma

MWCNT-7, Muller 

(MWCNT-M), 

MWCNT-T (tangled 

Nagoya Univeristy, 

Japan), crocidolite 

asbestos

6 mg/head MWCNT, 2 

mg/head asbestos
12 months

male Wistar rats                  

C57BL/6 mice

Intraperitoneal 

injection
Huaux et al.  2016

Sakamoto et al . 2009
Intrascrotal 

administration
52 weeks

male Fischer 344 

DuCrlCrlj rats

Nagai et al . 2011
Intraperitoneal 

injection
male and female rats
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mesothelioma (MPM), non-small cell lung cancer (NSCLC) and small-cell lung cancer 

(SCLC) 175. MWCNT exposures in vivo have indicated that rod-like MWCNTs pose a higher 

risk of carcinogenic development than tangled MWCNTs or SWCNTs. Studies completed in 

vitro indicate potential mechanisms of MWCNT-induced tumorigenesis from both MWCNTs 

and SWCNTs, however, these mechanisms are not fully understood in respect to how CNTs 

directly cause lung cancers. MWCNT-induced tumorigenesis is thought to develop through 

oxidative and non-oxidative stress resulting in cytotoxic and genotoxic effects. Mechanisms of 

cancer development have been studied extensively and point towards multiple events that must 

culminate in enough random events to result in cancer or tumor development. Studies 

comparing asbestos to CNTs show that even these two fiber-like toxicants result in different 

signatures of genotoxicity and that they could likely result in cellular transformation and cancer 

development through different mechanisms of action 176. The similarities between MWCNTs 

and asbestos have directed studies to look for similar signatures of oxidative stress, however 

the mechanisms of CNT-induced carcinogenesis are not fully understood and therefore more 

research is needed. 

 

Oxidative Stress 

An increase in radical generation results in a greater chance of adducts forming on DNA, lipids 

or proteins. Genotoxic effects of oxidative radicals can either be repaired or cause irreversible 

damage requiring tolerance or apoptosis. In instances of high oxidative stress levels, DNA 

damage can be excessive or irreparable and result in mutations or chromosomal aberrations. If 
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not forced to undergo apoptosis the cells containing these genotoxic signatures may progress 

through somatic proliferation, accumulate damage, become transformed, and develop as a 

tumor or malignancy. Oxidative radicals are highly reactive and may form DNA adducts 

resulting in large biological effects, where the regulation or gene product of the adduct results 

in changes in cellular homeostasis. Both ROS adducts like 8-oxo-guanine or reactive nitrogen 

species (RNS) adducts like 8-Nitroguanine have the potential to be mutagenic and result in a 

guanine to thymidine transversion and if the DNA is replicated this could result in a mutation. 

Loss of function mutations in tumor suppressors, or gain of function in proto-oncogenes from 

such mutations increase the chance of tumor development. ROS and RNS are produced during 

inflammation; CNTs generate oxidative radicals and contain an intrinsic potential to generate 

ROS and RNS over the entire course of exposure 177–181. Experimentation in vitro has shown a 

noticeable difference in oxidative stress production in professional phagocytic cells versus 

non-phagocytic cells, where the phagocytic cells experience greater oxidative stress from 

internalized material and from NADPH oxidase-induced oxidative burst 182. Human lung 

alveolar epithelial cells (A549) exposed to two MWCNTs of differing diameters exhibit a 

significant increase in inducible nitric oxide synthase (iNOS) and 8-nitroguanine formations 

equally from both MWCNTs 181. RNS production within the alveolar cells results from 

MWCNT-induced inflammation and the resultant DNA nitrative damage can contribute to 

carcinogenesis 181. Specifically, TLR9, which is located in endosomes and lysosomes, has been 

heavily implicated in the mechanism of CNT-induced carcinogenesis. Knock down of TLR9 

greatly reduced endocytosis of MWCNTs and 8-nitroguanine adducts in lung epithelial cells 
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183. Combined in vivo and in vitro experiments exposing straight and tangled MWCNT to 

epithelial BEAS-2B cells and C57Bl/6 mice resulted in DNA strand breaks, however only in 

vivo exposure resulted in micronucleated alveolar type II cells after 4 days 184. Furthermore, in 

vitro experiments demonstrate MWCNTs cause BEAS-2B epithelial cells to produce increased 

intracellular ROS and chromosomal breakage after three weeks exposure 185. Experiments 

completed in vitro have shown a nanomaterial-specific protection of ROS-mediated cell death 

through upregulation of the anti-oxidant enzyme microsomal glutathione transferase 1 by silica 

nanoparticles which protects MCF-7 cells from lipid peroxidation 186. However no protection 

from ZnO nanoparticles was observed 186. Both SWCNTs and MWCNT treatment of RAW 

264.7 macrophages cause increased ROS and chromosomal damage (i.e. Micronuclei) as well 

as oxidization of purines as measured by the comet assay 182. The potential these materials 

have to produce ROS and their ability penetrate deep into and translocate to other organs 

increases the chance of both intra- and extra-pulmonary cellular and genotoxic oxidative 

damage. For instance, large needle-like MWCNTs translocate to the pleural cavity resulting in 

fibrosis, parietal mesothelial proliferative lesions and inflammation whereas a smaller cotton 

candy-like MWCNTs result in greater inflammation and 8-hydroxydeoxyguanosine levels in 

the lung 165. Increased genotoxic events prior to somatic proliferation with little DNA repair is 

concerning because any mutation is then permanently passed along. Chronic oxidative stress 

can result in many genotoxic events and ultimately culminate in metaplasia or neoplasia. 

Oxidative stress can drive both inflammation and genotoxicity and may contribute to CNT-

induced carcinogenesis. 
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Non-Oxidative Stress 

Direct interaction of CNTs with cellular constituents has also been hypothesized to be a 

mechanism of CNT-induced cancer development where a prolonged low grade inflammogenic 

and fibrotic environment has been implicated in the etiology of particle-induced lung cancers 

187. However, the mechanisms of these processes in the development of lung cancer in rodents 

is not well understood. A 90 day exposure assessment of rod-like MWCNTs in MutaTMmice, 

a mouse model with 40 copies of the bacterial LacZ gene incorporated to easily detect 

mutations, observed upregulation of  cancer genes involved in cell death, cell proliferation, 

and free radical scavenging in the lung following SWCNT or MWCNT exposure 187,188. This 

study did not find any DNA damage in the lungs of exposed mice, but found a high rate of 

apoptosis and proliferation suggesting that CNT-induced genotoxic effects occur slowly 187. 

Studies have even shown CNTs can result in chromosomal aberrations not related to oxidative 

stress. Studies focused on cytotoxicity of CNT exposure in vitro have found the physical 

similarity of both SWCNTs and MWCNTs to mitotic spindles to result in mitotic spindle 

aberrations including chromosome disruption, abnormal mitotic spindles, monopolar mitosis, 

and aneuploid chromosomes in primary and immortal human epithelial cells after only 24 

hours 168,189. These SWCNTs were shown to be directly incorporated into the centrosome 

structure where they induced DNA damage 189. Interestingly, oxidative stress has been shown 

to cause genotoxicity and similar chromosomal aberrations 190. The potential for MWCNT to 

cause cancer as whole is relatively poorly understood, where only one rod-like MWCNT has 
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been classified in Group 2B by IARC, and the mechanism of cancer development of even this 

one variant of MWCNT is largely unknown and currently being investigated. 

 

1.8 Genetic Susceptibility to Pulmonary Neoplasms 

Tumor susceptibility, like any disease development, depends greatly on exposure dose and 

genetic background. Studies thus far have shown there to be a difference in susceptibility 

between rodent species as well as rodent strains. Beyond species and strain, genetic 

susceptibility within specific genes has been identified in disease states of mesothelioma and 

other lung tumors. For example, deficiencies in the p53 tumor suppressor result in greater 

frequency of tumor development, and have been seen to develop mesothelioma with MWCNT 

i.p. exposure. 

 

Rodent and Strain Variation 

Susceptibility to the development of cancers is as much based on environmental exposure as it 

is genetic background of the individual or rodent being investigated. In studies of the 

hyperplastic potential of MWCNT in rodents there has been a clear divide in rodent models 

where rats have been shown to develop mesothelioma following pulmonary exposure of CNTs, 

whereas mice exposed to these same CNTs have not been observed to develop these 

malignancies 24–26,161,169,171,191,192. Interestingly, a study investigating the carcinogenic potential 

of these materials in different murine strains found increased susceptibility of C57Bl/6 mice to 

epithelial type II hyperplasia and DBA/2 mice to be the most resistant but with increased 
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sensitivity to pulmonary leukocyte infiltration with C3H/He and BALB/c mice indicating 

intermediate hyperplasia comparatively 191. These studies highlight the importance of rodent 

and strain selection when analyzing these ENMs for carcinogenic potential and occupational 

exposure safety. 

 

Loss of p53 

Tumor suppressor p53 is a 53 kDa transcription factor which is often called the guardian of the 

genome due to its cell cycle control and DNA repair functions. Levels of p53 increase 

drastically with certain types of physiological stress, and it is activated by phosphorylation of 

one of its many phosphorylation sites. p53 functions as a homotetrameric transcription factor 

to regulate cell cycle arrest, inhibit metastasis, and promote apoptosis and DNA repair (Fig. 

1.5). Interestingly, rats homozygous or heterozygous for p53 exhibit loss of heterozygosity and 

higher frequencies of carcinoma development compared to wild type rats 193. It is because of 

this high susceptibility of the heterozygous model to cancer development that they are used 

frequently to study the tumorigenic potential of toxicants. Furthermore, alveolar cell DNA 

damage in a p53 dominant negative mouse strain results in greater inflammation and scarring 

compared to wild type mice 194. These studies suggest that p53 is involved in regulating 

development of fibrosis and cancers. Mice heterozygous for p53 have been utilized previously 

in a mesothelioma surrogate assay where MWCNTs or asbestos were intraperitoneally injected 

and were observed to develop mesothelioma faster from MWCNT exposure compared to 

asbestos 19,20. However, neither study compared the heterozygous p53 mice to wild type 19,20.  
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Figure 1.5. General overview of the activation and function of tumor suppressor p53. 

Physiological stress can activate selective pathways of p53 activation. The activation of 

specific serine (Ser) residues results in differing transcriptional responses (in bold) and 

transcripts (in parenthesis).  

 

Mutations found in p53 leading to cancerous development include point mutations and 

frameshift mutations. If left unrepaired a point mutation results in a single base pair substitution 

can result in a missense or nonsense mutation resulting in the incorrect amino acid or stop 

codon incorporation, respectively. These mutations can result in the loss of wild type function, 

create dominant negative activity or promote oncogenic function through increased cellular 

growth through dysregulated cell cycle function. Mutations found in tumors are commonly 
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missense mutations within the DNA binding domain of p53 195. The loss of p53 function would 

leave DNA repair and cell growth unchecked and promote abnormal cell growth. Interestingly, 

neither asbestos nor MWCNTs have been tested in the lungs of p53 heterozygous mice to 

follow up these studies. Mutations in p53 are known to be a good prognosis factor in NSCLC 

196. Individuals who were exposed to asbestos and developed MPM (n=34) or NSCLC (n=50) 

had frequent polymorphisms occurring in p53 intron 7 compared to non-asbestos exposed 

patients (n=50), which identifies two polymorphisms at this specific location to be genetic 

susceptibility factors for asbestos-induced thoracic cancers 175. Interestingly, the majority of 

the single nucleotide polymorphisms (SNPs) observed were not characteristic of ROS induced 

transversions of G:C to T:A, suggesting that these SNPs occurred independently of ROS 175. 

Lung epithelial cells cultured with SWCNT in vitro for six months became transformed by 

increased AKT activation, p53 destabilization, and overexpression of an anti-apoptotic 

signaling molecule, Bcl2 197. The loss of one or both p53 alleles is a susceptibility factor for 

tumor development, and epidemiological data demonstrates that the loss of p53 is associated 

with lung cancer development. 

 

1.9 Epidemiology of CNT Exposure 

Products of the emerging nanotechnology industry are relatively new and therefore 

epidemiologic information related to human health outcomes from CNT-exposure is relatively 

scarce. CNT manufacturing began early in the 2000’s and only a handful of epidemiological 

studies have been published on CNT-exposure and health risks. Diverse and different types of 
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ENMs may produce different pathological outcomes based on their physicochemical 

properties. Often employees manufacture products that contain more than one type of ENM 

(e.g., CNT plus nanometal catalyst) resulting in exposure to a mixture of ENMs. Currently, 

published epidemiologic studies have relatively low numbers of participants, lack of data on 

duration of worker employment/exposure, and only collect data from companies who give 

permission 198–200. Epidemiology studies fail to tease out the physicochemical differences 

between ENMs. The similarities to asbestos make CNTs a concern for human health. 

Epidemiology studies have tested individuals currently working at a CNT factory but have not 

followed individuals who have changed occupations. Most importantly, asbestos related lung 

diseases have a latent period of 30-40 years, suggesting that CNT-induced pulmonary diseases 

could take decades before we begin to see symptom presentation 201. A few studies have been 

successful in identification of potential biomarkers of human lung inflammation and fibrosis; 

these offer important opportunities to follow up on in the future 88,89. 

 

1.10 General Conclusions 

Physicochemical characteristics of CNTs determine the severity of pulmonary disease in 

rodent models. However, there is still a gap in our knowledge as to which specific 

characteristics are important towards predicting the human health risks of CNTs. Better 

characterization of newly synthesized or functionalized nanomaterials may aid in 

determination of safety or risk of inhalation exposure to such materials. Currently, the state of 

science in the field of nanotoxicology emphasizes the need to consider physicochemical 
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characteristics in the safe design of CNTs. However, this approach is only effective if 

consumer products use the ‘safer’ CNTs. Metal catalyst content, length, rigidity, agglomeration 

status and surface functionalization coatings modify fibrogenic responses in the lungs of 

rodents and therefore should be considered in the design of CNTs. Using rodent models is 

useful to determine toxicity of these materials, however most studies utilize a single bolus 

CNT- exposure; to best assess occupational exposure there is a need for more studies 

comparing different types of CNTs administrated over several doses or via inhalation to best 

represent occupational settings and exposures. Variations in exposure methodology make 

comparisons between studies difficult. However, as the body of literature keeps growing on 

this topic we may be able to more effectively elucidate the appropriate physicochemical 

properties that are of concern.  

CNTs promote fibrogenesis and carcinogenesis through proximal oxidative stress mechanisms 

which trigger the activation of intracellular signaling pathways including activation of kinases, 

transcription factors, enzymes and the inflammasome. In the case of fibrogenesis, these 

signaling events within cells stimulate the production and release of growth factors like TGF-

β1 and PDGF which then drive the recruitment, differentiation, and proliferation of 

myofibroblasts. Interestingly, some CNTs promote an alternative macrophage phenotype and 

alter the immune response towards a Th2 response while others activate a more classical 

macrophage population and resulting Th1 immune response. Carcinogenesis stems from 

genetic aberrations directly or indirectly from CNT-induced mechanisms of ROS production 

and DNA damage accumulated through multiple rounds of somatic replication can result in 
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tumor generation. Studies with transgenic mice have elucidated specific genetic determinants 

of susceptibility. Future directions of CNT research focused on issues of susceptibility and 

comparison of CNTs with differing physicochemical properties could improve our mechanistic 

understanding of CNT-induced pulmonary disease. Overall, the fibrogenic and carcinogenic 

responses to different types of CNTs is due to both the physicochemical characteristics of the 

nanomaterial and genetic susceptibility of the host.  

 

1.11 General Hypothesis 

Considering the inherent physicochemical differences in nanomaterials, it is conceivable that 

not any two are the same. For my work I have focused on two very different MWCNTs, one 

that is more tangled and another that is more rod-like. I hypothesized that exposure of mouse 

lungs to either MWCNT will result in differing pathological outcomes of inflammation, 

fibrosis and neoplasia. Furthermore, exposure of susceptible mouse models deficient in STAT1 

or heterozygous for p53 should result in greater fibrosis or neoplastic events, respectively. 
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Abstract 

Background: Pulmonary toxicity of multi-walled carbon nanotubes (MWCNTs) is influenced 

by physicochemical characteristics and genetic susceptibility. We hypothesized that 

contrasting rigidities of tangled (t-) versus rod-like (r-) MWCNTs would result in differing 

immunologic or fibrogenic responses in mice and that these responses would be exaggerated 

in transgenic mice lacking the signal transducer and activator of transcription-1 (STAT1), a 

susceptible mouse model of pulmonary fibrosis. 

 

Methods: Male wild type (Stat1+/+) and STAT1-deficient (Stat1-/-) mice were exposed to 4 

mg/kg tMWCNTs, rMWCNTs, or vehicle alone via oropharyngeal aspiration and evaluated 

for inflammation at one and 21 days post exposure via histopathology, differential cell counts, 

and cytokine levels in bronchoalveolar lavage fluid (BALF). Granuloma formation, mucous 

cell metaplasia, and airway fibrosis were evaluated by quantitative morphometry. Airway 

epithelial cell proliferation was assessed by bromodeoxyuridine (BrdU) incorporation. 

Cytokine protein levels in BALF and serum IgE levels were measured by ELISA. Lung protein 

Smad2/3 levels and activation were measured by Western blot. Lung mRNAs were measured 

by PCR.  

 

Results: There was a 7-fold difference in rigidity between tMWCNTs and rMWCNTs as 

determined by static bending ratio. Both MWCNT types resulted in acute inflammation 

(neutrophils in BALF) after one-day post exposure, yet only rMWCNTs resulted in chronic 
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inflammation at 21 days as indicated by neutrophil influx and larger granulomas. Both 

MWCNTs induced BrdU uptake in airway epithelial cells, with the greatest proliferative 

response observed in rMWCNT-exposed mice after one-day. Only rMWCNTs induced 

mucous cell metaplasia, but this index was not different between genotypes. Stat1-/- mice had 

higher levels of baseline serum IgE than Stat1+/+ mice. Greater airway fibrosis was observed 

with rMWCNTs compared to tMWCNTs, and exaggerated airway fibrosis was seen in the 

Stat1-/- mouse lungs with rMWCNTs but not tMWCNTs. Increased fibrosis correlated with 

elevated levels of TGF-β1 protein levels in the BALF of Stat1-/- mice exposed to rMWCNTs 

and increased lung Smad2/3 phosphorylation. 

 

Conclusions: Rigidity plays a key role in the toxicity of MWCNTs and results in increased 

inflammatory, immunologic, and fibrogenic effects in the lung. STAT1 is an important 

protective factor in the fibroproliferative response to rMWCNTs, regulating both induced 

TGF-β1 production and Smad2/3 phosphorylation status.  Therefore, both rigidity and genetic 

susceptibility should be major considerations for risk assessment of MWCNTs.  

 

 

 

 

 

Key Words: carbon nanotubes, lung, fibrosis, growth factors, transcription factors  
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Background 

Carbon nanotubes (CNTs) are engineered nanomaterials that have structural similarities to 

asbestos because of their fiber-like shape and biopersistence 1–3.  While little is known about 

their adverse human health effects, rodent studies show multi-walled (MW) CNTs, like 

asbestos fibers, possess carcinogenic activity or cause pulmonary fibrosis after inhalation 

exposure or oropharyngeal aspiration 4–6. Also reminiscent of asbestos fibers, MWCNTs reach 

the lung pleura after inhalation exposure in mice, where they irritate the pleural lining and 

cause pleural inflammation and subpleural fibrosis 7. While some MWCNTs delivered to the 

lungs could translocate to other organs after pulmonary exposure, a significant fraction are 

biopersistent and remain in the lung and pleura up to a year after exposure in rodents, leading 

to chronic DNA damage and tissue fibrosis 8.  

 

MWCNTs are a heterogeneous class of materials that can mediate different pathogenic 

responses in the lung, depending on their physicochemical properties. For instance, lung 

exposure to rod-like (r-) MWCNTs can lead to allergic airway inflammation and mucous cell 

metaplasia, while exposure to tangled (t-) MWCNTs causes non-allergic lung inflammation 

with no mucous cell metaplasia 9–11. Other properties of MWCNTs have been shown to play a 

role in their pulmonary toxicity (i.e. length, surface charge, residual metals) yet only a few 

studies comparing MWCNTs with contrasting rigidity have been conducted 9,12. However, to 

our knowledge there are no studies that address genetic susceptibility to allergic or fibrogenic 

responses to MWCNTs with different rigidities. Examining the differences in allergic or 
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fibroproliferative responses between tMWCNTs and rMWCNTs in genetically susceptible 

mouse models may elucidate differences in the fibrotic mechanisms of these MWCNTs.   

 

Signal transducer and activator of transcription-1 (STAT1) is a transcription factor activated 

primarily by interferons (IFN-α, -β, -γ), growth factors (e.g., epidermal growth factor (EGF), 

platelet derived growth factor (PDGF)), or by oxidative stress 13–15. Upon activation, STAT1 

is phosphorylated and homodimerizes with another STAT1 molecule, or heterodimerizes with 

other STAT family members (e.g. STAT2). Homodimers or heterodimers then translocate to 

the nucleus to bind a DNA consensus sequence; each STAT1 dimer has a high affinity for its 

specific response element 16. STAT1 serves as a protective response to injury, and is 

responsible for activating the transcription of key genes involved in cell viability, growth 

arrest, apoptosis, and differentiation 17,18. Stat1-/- mice exhibit increased fibrosis following 

exposure to the chemotherapeutic drug bleomycin compared to wild type (Stat1+/+) mice, 

demonstrating that STAT1 is protective against fibrogenesis 19. Also, ovalbumin sensitized 

Stat1-/- mice that were subsequently challenged with tMWCNTs by oropharyngeal aspiration 

exhibit greater airway fibrosis than Stat1+/+ mice, indicating that STAT1 plays a role in the 

immune response to tMWCNTs and allergens 11. Moreover, fibroblasts isolated from lungs of 

Stat1-/- mice are more responsive in vitro to exogenous transforming growth factor (TGF)-β1, 

produce more collagen than Stat1+/+ fibroblasts treated with TGF-β1 and display an increased 

proliferative response in vitro to PDGF or EGF compared to Stat1+/+ fibroblasts 19. 
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It is unknown if STAT1 regulates differential fibrogenic or immune responses to tMWCNTs 

versus rMWCNTs. In the present study, we hypothesized that MWCNTs with different 

rigidities would produce different pulmonary immunologic and fibroproliferative responses 

and that these effects would be enhanced in Stat1-/- mice. We investigated MWCNT-induced 

lung inflammation, allergic airway remodeling and fibrosis in Stat1+/+ or Stat1-/- mice in vivo 

for one and 21 days after oropharyngeal aspiration of tMWCNTs or rMWCNTs. We observed 

that rMWCNTs caused more persistent lung inflammation, as well as airway mucous cell 

metaplasia and larger granulomas compared to tMWCNT exposure in wild type Stat1+/+ mice. 

Interestingly, compared to Stat1+/+ mice, Stat1-/- mice exposed to rMWCNTs but not 

tMWCNTs exhibited enhanced airway fibrosis, airway epithelial cell proliferation, 

exaggerated serum IgE and increased levels of lung TGF-β1 and increased activation of the 

TGF-β1-induced transcription factors, Smad2 and Smad3.  The results from this study are 

important because they reveal an interaction between a physicochemical attribute (rigidity) and 

a genetic factor (STAT1) to further our understanding of susceptibility to pulmonary 

fibrogenesis and allergic immune responses. Moreover, we identify a novel mechanism of 

enhanced lung fibrogenesis in Stat1-/- mice induced by rMWCNTs that involves exaggerated 

TGF-β1 production and Smad2/3 activation. 

 

Results 

Characterization of MWCNT Rigidity: Both tMWCNTs and rMWCNTs have been 

previously characterized for average residual metal content, length, and width and these data 
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are summarized in Appendix A.1 7,10. We further characterized these MWCNTs based on their 

rigidity using a measure of the bending ratio (Db) to approximate the static bending persistence 

length (SBPL) (i.e. the average length between each bend in the tube) (Fig 2.1). TEM images 

clearly show that tMWCNTs are more tortuous compared to rMWCNTs (Fig. 2.1A). The 

rMWCNTs, with a Db of 0.8996 (stdev 0.2743) and a SBPL of 0.860, are about seven-fold 

more rigid than the tMWCNTs with a Db of 0.162 (stdev 0.3300) and a SBPL of 0.1191 (Fig 

2.1B).  

 

Figure 2.1. Rigidity measurements of multi-walled carbon nanotubes (MWCNTs). A) 

Transmission electron microscope (TEM) images of the tangled (t-) MWCNTs and rod-like (r-

) MWCNTs showing the gross differences in rigidity taken at 10000X. B) Box and whisker 

plots of the bending ratios (Db) of tMWCNTs and rMWCNTs (***p<0.001 between means of 

MWCNT Db as determined by t-test).  



85 

 

 

 

 

Macrophage Uptake and Inflammation: Stat1+/+ and Stat1-/- mice exposed to tMWCNTs or 

rMWCNTs by oropharyngeal aspiration (OPA) were evaluated for changes in bronchoalveolar 

lavage fluid (BALF) inflammatory cells at one and 21 days post-exposure according the 

protocol illustrated in Fig 2.2A. BALF differential cell counts showed that both Stat1+/+ and 

Stat1-/- mice exhibited similar increases in infiltrating neutrophils at one-day post exposure 

(Fig 2.2B). Neutrophilic inflammation in the tMWCNT-treated mouse lungs resolved by 21 

days, while neutrophilia in the lungs of rMWCNT-treated mice remained elevated at 21 days 

in both Stat1+/+ and Stat1-/- mice (Fig 2.2B). The tMWCNTs are flexible and were completely 

engulfed by alveolar macrophages, while many of the rMWCNTs protruded from 

macrophages, indicating frustrated phagocytosis (Fig 1.2C).  



86 

 

 

 

 

 

Figure 2.2. Acute pulmonary response after oropharyngeal aspiration (OPA) to tangled t- or 

r-MWCNTs. A) Illustration of experimental design. B) Differential cell counts quantified from 

Cytospins of BALF from Stat1+/+ and Stat1-/- mice exposed to tMWCNTs or rMWCNTs. C) 

Hematoxylin and eosin-stained (H&E) lung sections from mice treated with tMWCNTs or 

rMWCNTs at one-day post exposure showing uptake of tMWCNTs and rMWCNTs by 

alveolar macrophages (arrows). Note frustrated phagocytosis of rMWCNTs but not tMWCNTs 

by macrophages.  

 

 

 

MWCNT-Induced Granulomatous Inflammation: To ascertain if the Stat1+/+ versus Stat1-

/- genotypes determine differential chronic pulmonary inflammatory responses to each 
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MWCNT type, the lungs of mice were analyzed for granuloma size and cellularity. 

Histopathologic analysis of lung tissue from MWCNT-treated mice showed alveolar 

parenchyma dispersion of MWCNTs and predominantly multifocal granulomatous 

inflammation and bronchitis (Fig 2.3A). The granulomas observed following rMWCNT 

treatment contained a high number of neutrophils and eosinophils after 21 days. This is notable 

bearing in mind that classical granulomas consist of epithelioid, multinucleated giant cells, and 

a very sparse eosinophil or neutrophil presence (Fig 2.3A insets). Only rMWCNT exposure 

resulted in bronchial inflammation and airway epithelial growth over the foreign body 

protrusions of rMWCNTs into the lumen of the airway, similar to some pathologic features of 

bronchiolitis obliterans. Quantitative analysis of granuloma number showed that at the same 

dose of 4 mg/kg, both types of MWCNTs induced similar numbers of granulomas at 21 days 

with no differences between genotypes (Fig 2.3B). While granulomas were observed in both 

tMWCNT and rMWCNT-treated mice after 21 days, granuloma size was significantly greater 

in rMWCNT-treated mice compared to tMWCNT-treated mice, although there were not 

significant differences between Stat1+/+ and Stat1-/- mice (Fig 2.3C). Together, these data 

demonstrate that rMWCNTs caused a more severe chronic inflammatory state in the lung, 

resulting in larger granuloma formations and that this inflammatory response was STAT1-

independent. 
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Figure 2.3. Granuloma development at 21 days post-exposure to tMWCNTs or rMWCNTs. 

A) Representative H&E photomicrographs of 21 day control, tMWCNT or rMWCNT exposed 

mouse airways showing granulomas (arrows) taken at 200X magnification (scale bars equal 

500 m). Insets of rMWCNT granulomas (Scale bars equal 100 m) taken at 400X 

magnification. B) Average number of granulomas per 3 lung sections per mouse. C) Average 

size of granulomas measured by quantitative morphometry as described in Methods 

(***p<0.001 between tMWCNTs and rMWCNTs).  

 

 

 

Airway Epithelial Cell Proliferation After MWCNT Exposure: To determine if tMWCNTs 

or rMWCNTs caused lung cell proliferation, mice were injected i.p. with BrdU one-hour prior 

to euthanasia and incorporation of BrdU into nuclei was visualized by immunohistochemistry 

(Fig 2.4A). Vehicle treatment did not cause a significant increase in BrdU uptake in Stat1+/+ 
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or Stat1-/- mice at either one or 21 days (<1% BrdU-positive cells in airways). Both tMWCNTs 

and rMWCNTs caused a modest and similar increase in BrdU uptake in the airway epithelium 

of Stat1+/+ mice at one-day post-exposure (5-10% BrdU-positive cells in airways). In contrast, 

rMWCNTs caused a significant increase in BrdU uptake in the airway epithelium of Stat1-/- 

mice (10-15% BrdU-positive cells in airways) compared to tMWCNT treatment or vehicle at 

one-day post-exposure in Stat1-/- mouse lungs, but there was no significant difference 

compared to Stat1+/+ MWCNT exposed mouse lungs (Fig 2.4B). At 21 days post-exposure 

BrdU uptake in response to MWCNTs had subsided to ~5% BrdU-positive cells or less, 

although there was a significant increase in proliferation of the airway epithelial cells in the 

lungs of both Stat1+/+ and Stat1-/- mice treated with rMWCNTs compared to tMWCNTs or 

vehicle control (Fig 2.4B).  
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Figure 2.4. Airway epithelial cell proliferation in Stat1+/+ and Stat1-/- mice after one and 21 

days exposure to MWCNTs. A) Bromodeoxyuridine (BrdU) immunostaining at one-day post-

exposure to tMWCNTs or rMWCNTs showing BrdU-positive brown nuclei of proliferating 

cells (arrows). B) Quantitation of BrdU positive cells per airway after one and C) 21 days of 

exposure. (***p<0.001 compared to control; *p<0.05 between tMWCNTs and rMWCNTs). 
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MWCNT-Induced Mucous Cell Metaplasia: We observed airway mucous cell metaplasia in 

the lungs of both Stat1+/+ and Stat1-/- mice exposed to rMWCNTs at 21 days but not in mice 

treated with tMWCNTs (Fig 2.5A). Mucous cell metaplasia in response to rMWCNTs was 

evident by the appearance of AB-PAS-positive goblet cells in the airway epithelium. 

Quantitative morphometry of all airways sectioned from each mouse revealed a similar 

increase in AB-PAS goblet cells induced by rMWCNTs in both Stat1+/+ and Stat1-/- mice (Fig 

2.5B).  
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Figure 2.5. Mucous cell metaplasia after exposure to tMWCNTs or rMWCNTs. A) 

Representative photomicrographs of Alcian-blue Periodic Acid-Schiff (AB-PAS)-stained 

lungs from 21 days post exposure. AB-PAS positive goblet cells are indicated by arrows. B) 

Quantification of mucous cell metaplasia as average mucous stain per total area of airway 

(***p<0.001 compared to controls; **p<0.01 or *p<0.05 between tMWCNTs and 

rMWCNTs). 
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MWCNT-Induced Serum IgE and Allergic Cytokine Pulmonary mRNA Levels: There 

was an increased amount of basal IgE levels in the serum of Stat1-/- mice compared to Stat1+/+ 

mice at one and 21 days after exposure to the pluronic vehicle control (Fig 2.6). Exposure to 

tMWCNTs did not increase serum IgE levels in either Stat1+/+ or Stat1-/- mice at either time 

point (Fig 2.6). In contrast, rMWCNTs significantly increased levels of serum IgE at 21 days 

after exposure to rMWCNTs in Stat1-/- mice as compared to Stat1-/- vehicle control (Fig 2.6B).  

There was a slight increase in lung IL-4 mRNA expression at one-day post exposure to 

rMWCNTs in the Stat1-/- mice compared to Stat1+/+ mice (Appendix A.2A). This difference 

abated by 21 days post-exposure (Appendix A.2B). IL-13 mRNA levels were not significantly 

changed by exposure to tMWCNTs or rMWCNTs in either genotype at one or 21 days 

(Appendix A.2C and 2D).  
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Figure 2.6. Quantification of immunoglobulin E (IgE) by ELISA in the serum from Stat1+/+ 

and Stat1-/- mice.  A) Serum IgE concentrations one-day and B) 21 days post exposure to 

tMWCNTs or rMWCNTs (***p<0.001 or **p<0.01 between genotypes, *p<0.05 compared to 

control). 

 

 

 

MWCNT-Induced Pulmonary Fibrosis: Lung and airway fibrosis was quantified by 

morphometric analysis of Masson’s trichrome-stained slides and soluble collagen content from 

lung protein lysates. Histopathologic evaluation revealed that fibrosis was limited primarily to 

airways and induced by rMWCNTs but not tMWCNTs. Quantitative morphometry of airway 

fibrosis to generate area/perimeter ratio measurements indicated significant focal 

peribronchiolar collagen deposition after exposure to rMWCNTs but not tMWCNTs in the 
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lungs of Stat1+/+ and Stat1-/- mice (Fig 2.7A-B). Moreover, Stat1-/- mice had significantly more 

airway fibrosis as compared to Stat1+/+ mice 21 days after exposure to rMWCNTs (Fig. 2.7B). 

Despite the regional increase in airway fibrosis caused by rMWCNTs, there was not a 

significant difference in total lung collagen at 21 days post exposure among treatment groups 

or genotypes as measured by Sircol assay (Appendix A.3) or hydroxyproline assay (data not 

shown). 
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Figure 2.7. Airway fibrosis in Stat1+/+ and Stat1-/- mice exposed to tMWCNTs or rMWCNTs. 

A) Representative photomicrographs taken at 200X magnification of Massons trichrome-

stained lung sections showing collagen deposition around airways (arrows) in mouse lungs at 

21 days post exposure. Connective tissue (e.g. collagen) stains blue. Scale bars equal 500 m.  

B) Area to perimeter (A/P) ratios of mouse lung airway thickness at 21 days post exposure 

(***p<0.001 or **p<0.01 compared to control; ***p<0.001 between tMWCNTs and 

rMWCNTs). 
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MWCNT-Induced Expression of TGF-1 and Other Profibrogenic Cytokines: TGF-β1, a 

primary mediator of fibrosis, was measured at the protein level by ELISA in the BALF of mice. 

TGF-1 was significantly increased by rMWCNT-treatment in Stat1+/+ mouse BALF at 21 

days, and further significantly increased in the BALF of Stat1-/- mice that were treated with 

rMWCNTs (Fig 2.8A). In contrast, TGF-β1 was not increased in the BALF from tMWCNT-

treated mice at one or 21 days post exposure (Fig 2.8A). TGF-1 was not detectable in the 

BALF from any of the treatment groups or genotypes at one-day post-exposure (data not 

shown). Several other cytokines implicated in fibrogenesis, including osteopontin (OPN), 

platelet-derived growth factor (PDGF), and interleukin-1 (IL-1), were also measured at the 

protein level in BALF or at the mRNA level in lung tissue. The BALF from rMWCNT-exposed 

mice contained significantly more OPN protein after the one-day exposure, while the BALF 

from tMWCNT-treated mice contain significantly more OPN 21 days after exposure 

(Appendix A.4A-B). Induction of OPN by MWCNTs was not significantly different between 

Stat1+/+ and Stat1-/- mice. An ELISA was also conducted to measure the IL-1β in BALF. 

However, no significant differences in secreted IL-1β protein were observed among treatment 

groups or genotypes (data not shown). The expression of two PDGF isoforms (PDGF-A and 

PDGF-B) were measured from lung tissue by Taqman qRT-PCR. While there was a trend for 

higher levels of PDGF-A and PDGF-B mRNA in the lung tissue from Stat1-/- mice, these 

increased levels were not significant (Appendix A.5).  
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Effect of MWCNTs on TGF-1 Signaling Molecules. Because changes in TGF-β1 protein 

levels in BALF closely matched the pathologic changes in airway fibrosis in Stat1+/+ and Stat1-

/- mice exposed to rMWCNTs, we sought to investigate components of the TGF-1 signaling 

pathway. Total protein lysates were extracted from snap frozen lung tissue and separated by 

SDS-PAGE followed by Western blot analysis using antibodies specific for TGF-β1 Receptor 

II (TGF-βRII), phosphorylated Smad2/3 (p-Smad2/3) and total Smad2/3. β-actin was measured 

as a constitutively expressed protein and used to normalize for densitometry of visualized 

protein bands (Fig 2.8B). The levels of TGF-βRII remained unchanged in both genotypes 

following either treatment (data not shown). Overall levels of Smad2/3 were increased with 

rMWCNT exposure and decreased with tMWCNT exposure, but not significantly different 

among genotypes (Fig 2.8C). The ratio of p-Smad2/3 to total Smad2/3 levels displays a higher 

trend of Smad2/3 activation in Stat1-/- mouse lungs compared to Stat1+/+ with no significant 

difference between exposures (Fig 2.8D). The transcriptional targets of activated p-Smad2/3, 

Col1a1 and Col1a2, mirror this trend as measured via Taqman qRT-PCR from whole lung 

mRNA, however the transcription levels of these collagen mRNAs did not change with 

treatment (Appendix A.6). 
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Figure 2.8. TGF-β1 protein levels and p-Smad2/3 levels in lung tissue from Stat1+/+ and Stat1-

/- mice after 21 days of exposure to tMWCNTs or rMWCNTs. A) TGF-β1 protein in BALF 

was measured by ELISA (***p<0.001 compared to controls; *p<0.05 between genotypes). B) 

Representative Western blot showing p-Smad2/3 and total Smad2/3 protein levels in lung 

tissue. C) Densitometry of total Smad2/3 levels normalized to β-actin levels. D) Quantification 

of the ratio of p-Smad2/3 to total Smad2/3 densitometry levels relative to β-actin. 

 

 

Discussion 

In this study, we investigated the pulmonary allergic, inflammatory and fibrogenic responses 

of Stat1+/+ and Stat1-/- mice to rod-like (r-) or tangled (t-) MWCNTs delivered by 

oropharyngeal aspiration. Since significant differences were observed in airway fibrogenic 

responses to rMWCNTs between Stat1+/+ and Stat1-/- mice, we further investigated a 
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mechanism of enhanced fibrosis involving induction of TGF-1 and Smad2/3 transcription 

factors that mediate collagen production. Previous studies by other investigators have focused 

on differential inflammatory, fibrotic, allergic, or carcinogenic effects of r- versus t-MWCNTs 

in wild type mice 5,9,20-22. However, to our knowledge this is the first time MWCNT rigidity 

has been quantified and differential allergic or fibrogenic responses to rMWCNTs versus 

tMWCNTs have been studied in Stat1-/- mice, or any other susceptible transgenic mouse strain.  

 

 We previously reported that Stat1-/- mice are susceptible to lung fibrosis caused by 

oropharyngeal aspiration of bleomycin or by co-exposure to MWCNTs and ovalbumin allergen 

11,19. In the latter study, tMWCNTs in the absence of allergen did not cause significant 

pulmonary fibrosis in Stat1-/- or Stat1+/+ mice, an observation confirmed in the current study. 

In the present study, we observed that rMWCNTs but not tMWCNTs significantly increased 

airway fibrosis in the lungs of Stat1+/+ mice and fibrosis was further increased in Stat1-/- mice 

focally around airways. Similarly, rMWCNTs but not tMWCNTs significantly increased TGF-

β1 levels in the BALF of Stat1+/+ mice and further increased TGF-β1 in Stat1-/- mice after 21 

days. We also noted that while both MWCNTs resulted in inflammation after one-day 

exposure, only the rMWCNTs resulted in fibrogenesis while inflammation in the tMWCNT 

exposed lungs resolved without fibrogenesis. This supports previous literature that indicates 

inflammation is not necessarily a prerequisite for fibrogenesis 23. However, the increase in 

TGF-β1 did not correlate with increased total lung collagen mRNAs (Col1a1 and Col1a2) at 

one or 21 days post exposure, indicating that a regional increase in airway fibrosis might not 
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be detectable by assays that measure total lung collagen mRNA or protein levels (i.e., Sircol 

and hydroxyproline assays). In addition, rMWCNTs but not tMWCNTs induced total lung 

levels of Smad2/3 and greater Smad2/3 phosphorylation was observed in Stat1-/- mouse lungs 

compared to Stat1+/+ mouse lungs. Therefore, our findings suggest that STAT1 regulates 

fibrosis through suppressing TGF-β1 production and decreasing Smad2/3 phosphorylation 

status. No changes were observed in TGF-βRII protein levels in the lungs of Stat1+/+ or Stat1-

/- mice treated with or without MWCNTs. These findings suggest that increased airway fibrosis 

in the lungs of Stat1-/- mice exposed to rMWCNTs is mediated by increased levels of TGF-β1 

in the BALF as well as increased Smad2/3 activation in lung tissue. A proposed mechanism 

illustrating the role of STAT1 in suppressing TGF-1 and Smad2/3 activation in rMWCNT-

induced air way fibrosis is shown in Fig. 2.9. 

 

The susceptibility of Stat1-/- mice to pulmonary fibrosis is consistent with the well-established 

function of STAT1 as a primary growth inhibitory signaling pathway for interferons 17,18. For 

example, STAT1 specifically interacts with cyclin D1 and CDK4 to mediate cell cycle arrest 

in a human fibrosarcoma cell line after treatment with interferon (IFN)-γ 24. We originally 

reported that Stat1-/- mouse lung fibroblasts (MLFs) have enhanced proliferative responses to 

PDGF or EGF in vitro when co-treated with IFN-γ, whereas the proliferative response to these 

growth factors was inhibited by IFN- in Stat1+/+ MLFs 19.  The enhanced proliferative 

response of Stat1-/- MLFs was likely due to the fact that IFN-γ activates other pathways 

independent of STAT1 (e.g., mitogen activated protein kinases (MAPKs) and protein kinase 
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B (Akt)) 17. Therefore, in the absence of STAT1, IFN-γ signaling can participate in growth 

promoting pathways otherwise kept in check by the presence of STAT1.  

 

Figure 2.9. Summary illustration depicting differential chronic lung immune and fibrotic 

responses at 21 days post-exposure to A) tangled (t-)MWCNTs or B) Rod-like (r-)MWCNTs. 

The inset in panel B highlights the postulated role of STAT1 in suppressing TGF-1 

production by epithelial cells and Smad2/3 activation levels in fibroblasts.  

 

 

In addition to suppression of fibroblast growth, another anti-fibrotic mechanism of STAT1 

involves inhibition of TGF-1 signaling. We previously established that Stat1-/- MLFs express 

higher levels of collagen mRNAs and produce more collagen protein than Stat1+/+ MLFs when 

stimulated with TGF-1 11. STAT1 has also been shown to be a negative regulator of hepatic 

fibrosis, where IFN-γ treatment of Stat1+/+ mice did not result in fibrosis while the same 

treatment of Stat1-/- mice resulted in increased hepatic fibrosis and accelerated TGF-β1/Smad 
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signaling 25. Here, we showed for the first time that Stat1-/- mice have exaggerated levels of 

TGF-β1 in the bronchoalveolar lavage fluid relative to Stat1+/+ mice after exposure to 

rMWCNTs, demonstrating that STAT1 negatively regulates TGF-β1 production and that 

rMWCNTs are more potent inducers of TGF-1 compared to tMWCNTs. We also established 

that Smad2/3 phosphorylation status was increased in Stat1-/- mice compared to Stat1+/+ mice. 

Collectively, these data suggest that STAT1 suppresses rMWCNT-induced fibrosis by 

suppressing TGF-1 production and intracellular Smad2/3 activation (Fig. 9). The mechanism 

of enhanced phosphorylation of Smad2/3 in Stat1-/- MLFs by rMWCNTs remains to be 

elucidated. However, others have shown that activated STAT1 homodimers upregulate SOCS1 

and Smad7, thereby inhibiting TGF-β1-induced Smad2/3 activation 26,27. Also, TGF-β1 

suppresses IFN-γ-induced STAT1-dependent gene transcription in epithelial cells through 

enhancement of protein inhibitor of STAT1 (PIAS1) 28. The opposing roles of TGF-β1 and 

IFN-γ should be a topic of further investigation in the context of Stat1-/- susceptibility to 

rMWCNTs. 

 

Others have shown that the same rMWCNTs used in the present study increase TGF-β1  in 

fibrotic foci within the lungs of mice exposed by oropharyngeal aspiration and TGF-β receptor-

1 (TGF-RI) has been implicated as a major regulator of MWCNT-induced fibrogenesis in 

mice exposed to rMWCNTs 29. For example, rMWCNTs induced TGF-RI in human lung 

fibroblasts in vitro and knock down or inhibition of TGF-βR1 or knock down of Smad2 

resulted in decreased collagen production 22,29. We were unable to detect TGF-RI in the 
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present study, but observed that TGF-RII levels were not changed by rMWCNT treatment or 

STAT1 deficiency. Nevertheless, it is possible that STAT1 could regulate levels of TGF-RI. 

In addition to the collagen synthetic pathways induced by TGF-β1, it is also possible that 

inhibition of collagen-degrading proteases may be involved in the fibrogenic response to 

rMWCNTs.  

 

Fibrogenesis stimulated by a foreign body insult (e.g., particles and fibers) is thought to be 

initiated at least in part by acute injury to epithelial cells. Increased epithelial proliferation 

marks an injury event where DNA synthesis and cell cycle progression are initiated as a 

homeostatic repair response, much like what is seen with chrysotile asbestos inhalation 

exposure 30.  In this study, we observed a significant increase in the proliferation of airway 

epithelial cells by BrdU uptake after exposure to rMWCNTs (Fig. 4). BrdU uptake at one-day 

was also induced by tMWCNTs but not to a significant extent. Furthermore, we observed that 

Stat1-/- mice exhibited significantly greater airway epithelial proliferation compared to vehicle-

treated or tMWCNT-treated Stat1-/- mice.  BrdU uptake in the airway epithelium of rMWCNT-

treated Stat1-/- mice was twice that seen in rMWCNT-treated Stat1+/+ mice, yet this difference 

was not statistically significant (Fig. 4). The increase in airway epithelial cell BrdU uptake 

could be mediated by growth factors (e.g., PDGF, EGF) produced by epithelial cells, 

macrophages, or other pulmonary cell types. We previously reported that primary Stat1-/- 

MLFs have enhanced proliferative responses to PDGF or EGF in vitro 19. Therefore, it is 
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possible that airway epithelial cells from Stat1-/- mice might have enhanced proliferative 

responses to growth factors in vivo.  

 

In the present study, we showed that rMWCNTs and tMWCNTs caused similar acute 

neutrophilic inflammation in the lungs of either Stat1-/- or Stat1+/+ mice at one-day post-

exposure, although only rMWCNTs caused sustained elevated neutrophil counts after 21 days 

in the BALF of mice  (Fig. 2). We also observed that both rMWCNTs and tMWCNTs produced 

granulomas, although rMWCNTs produced significantly larger granulomas than tMWCNTs 

(Fig. 3). Other studies have documented granuloma formation after MWCNT exposure 4-

6,20,29,31-33. Granulomas centrally consist of epithelioid and multinucleated giant macrophages 

surrounded by activated lymphocytes, typically activated CD4+ T cells 34. Granulomas 

resulting from MWCNT treatment have been found to contain CD3+ monocytes and CD4+ T 

cells, as well as increased levels of osteopontin (OPN) in the granulomatous foci in mouse 

lungs 35. In our study, granuloma formation was generally independent of STAT1 as both Stat1-

/- and Stat1+/+ mice had a mean granuloma size that was not statistically different between 

genotypes. Moreover, OPN levels were similar between genotypes, albeit strongly induced by 

rMWCNTs (Appendix A.4). However, two out of six Stat1-/- mice exposed to rMWCNTs had 

at least one exaggerated granuloma, although these “super-granulomas” were rare and did not 

contribute significantly to differences in granuloma size between genotypes (data not shown). 

Other investigators have reported that Stat1-/- mice infected with M. tuberculosis have larger 

granuloma development compared their infected Stat1+/+ counterparts 36.   
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Mucociliary clearance is an innate immune response that removes inhaled particles and fibers 

from the lungs, yet excessive mucous cell metaplasia and mucus hypersecretion contributes to 

airway obstruction. Mucous cell metaplasia has been observed previously in mice exposed to 

rMWCNTs 9,10. Induction of Th2 cytokines such as IL-4 and IL-13, activation of STAT6, and 

transcription of mucin genes (muc5ac and muc5b) contribute to mucin formation in airway 

epithelial cells 37. We did not observe significant differences in IL-4 or IL-13 mRNA levels 

between genotypes or treatment groups, although there was a trend for increased IL-4 mRNA 

in the lungs of Stat1-/- mice treated with rMWCNTs (Appendix A.2). However, others have 

shown that rMWCNTs cause increased IL-13 mRNA levels and allergic airway inflammation 

in female mice after inhalation exposure 9. In addition, Hussain et al. observed mucous cell 

metaplasia after 21 days post-exposure to tMWCNTs in female mice 38.  This contrasts to most 

other studies performed in male mice. Therefore, sex differences could explain the difference 

in mechanism of mucous cell metaplasia observed in this study. It is also conceivable that an 

IL-13-independent mechanism could mediate mucous cell metaplasia in response to 

rMWCNTs. For example, STAT6 activation can also occur through an alternative mechanism 

involving STING and TBK1 activation 39.  

 

STAT1 is an IFN-γ activated transcription factor driving the differentiation of naïve T cells to 

become Th1 cells. In the absence of a Th1 environment, there will more likely be a shift 

towards a Th2 response. In the present study, induction of a systemic Th2 immune response in 
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Stat1-/- mice was evident by increased levels of serum IgE. Serum IgE levels were especially 

high in Stat1-/- mouse serum and increased greatly following treatment of Stat1-/- mice with 

rMWCNTs after 21 days (Fig 2.6B).  However, both Stat1+/+ and Stat1-/- mice exhibited 

increased mucous cell metaplasia with rMWCNT treatment but not tMWCNTs. The reason for 

a differential systemic allergic response yet similar allergic lung responses between Stat1+/+ 

and Stat1-/- remains to be elucidated. 

 

In addition to genetic susceptibility, our study highlights the importance of nanotube rigidity. 

Physicochemical characteristics other than rigidity could also influence the allergic immune 

and fibrotic potential of MWCNTs.  For example, length is an important determinant as 

intratracheal instillation of long, but not short, MWCNTs causes the formation of granulomas, 

up-regulation of ECM protease inhibitors, increased collagens, and TGF-β1 production in rats 

21. Thicker and longer MWCNTs induce the greatest DNA damage and induce transcriptional 

markers of fibrosis compared to thinner, shorter MWCNTs 33,34. Finally, differences in residual 

metal catalysts (Fe in rMWCNTs and Ni in tMWCNTs) could influence toxicity and disease 

outcome. Collectively, these studies along with our observations in the present work emphasize 

that multiple physicochemical characteristics should be considered in the design of MWCNTs 

to reduce or prevent future disease.  
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Conclusions 

In summary, MWCNT rigidity plays a substantial role in pulmonary toxicity. Moreover, 

STAT1 is an important protective factor and plays a role in suppressing the fibrogenic response 

to rMWCNTs by inhibiting TGF-β1 production, intracellular Smad2/3 phosphorylation, and 

collagen synthesis.  Both rigidity and genetic susceptibility should be major considerations for 

risk assessment and development of MWCNTs. 

 

Methods 

MWCNT Materials and Preparation: tMWCNTs were obtained from Helix Material Solutions 

Inc. (Richardson, TX). rMWCNTs (XRNI MWNT-7 05072001K28) were obtained from Dale 

Porter at NIOSH and manufactured by Mitsui & Co (Tokyo, Japan). Pluronic F-68 Solution 

(#P5556) from Sigma (Saint Louis, MO) was diluted with DPBS to 0.1% and used to bring 

MWCNTs to a working concentration of 2 mg/mL. MWCNTs were sonicated in a cup horn 

sonicator for two minutes and were also vortexed vigorously immediately prior to dosing mice 

4 mg/kg via oropharyngeal aspiration.  

 

Rigidity Measurements: Measurements were taken as described in Method 3 by the 

International Standards Organization 11888:2011 40,41. Ten transmission electron microscope 

(TEM) images of tMWCNTs and ten of rMWCNTs taken at 10000X were used to perform 

length measurements of each MWCNT directly from end to end (R) and along the axis (L) of 
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each tube per image; these lengths were measured using the Adobe Photoshop C5S ruler tool 

to convert pixels to µm and trace the imaged MWCNTs. These measurements were averaged 

into a bending ratio (Db) between the mean-squared end-to-end distance <R2> and squared 

contour length (L2) to determine the approximate static bending persistence length (SBPL) 

using the equations: 

Db = <R2>/L2 

SBPL = (Db*L)/2 

 

Animal Care: Pathogen free 6-8 week old adult SV129 male Stat1+/+ and Stat1-/- mice were 

purchased from Taconic Laboratories (Germantown, NY) and housed in an IACUC approved 

and AALAC-accredited animal facility. Animals were acclimated for two weeks prior to 

treatments. Animals were housed 1-5 per cage and fed water and LabDiet 5001 rodent diet ad 

libitum.  

 

Experimental Design and Collection of Mouse Samples: The experimental design is illustrated 

in Fig 2.2A.  Stat1+/+ and Stat1-/- mice were divided into 3 treatment groups (vehicle, 

tMWCNT, or rMWCNT) for one and 21 day sample collections. Mice were anesthetized with 

isoflurane and dosed with 4 mg/kg tMWCNTs (n=6), 4 mg/kg rMWCNTs (n=12), or equal 

volume pluronic vehicle (n=18) via oropharyngeal aspiration. Half the mice from each 

treatment group were euthanized via intraperitoneal injection of pentobarbital (Vortech 

Pharmaceuticals, LTD, Dearborn, MI #NDC 0298-9373-68) at one-day post exposure and the 
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rest at 21 days post exposure. Serum was collected immediately and extracted from clotting 

factors using a BD (Franklin Lakes, NJ) microtainer SST. Two 0.5 mL aliquots of phosphate 

buffered saline (PBS) were instilled via intratracheal cannulation and retrieved to collect 

bronchoalveolar lavage fluid (BALF) for cytokine and cellular content. The left lobe of the 

lung was inflated and fixed for histology with neutral buffered formalin (Azer Scientific, 

Morgantown, PA #NBF-4-G) and the right lobes were divided equally into RNAlater (Sigma 

#R0901) for mRNA or snap frozen in liquid nitrogen for protein analysis. Small intestine, 

heart, spleen, brain, and liver samples were also collected for histology and mRNA analysis.  

 

Enzyme-Linked Immunosorbent Assay (ELISA): BALF was analyzed using DuoSet ELISA kits 

(R & D Systems, Inc., Minneapolis, MN) specific for mouse TGF-β1 (DY1679), Osteopontin 

(OPN) (DY441), and IL-1β (DY401). Serum IgE was assayed using a BD Pharmingen ELISA 

kit (557079, San Jose, CA). Sample concentrations in BALF or serum were derived from 

absorbance values and converted to concentration values based on standards provided with 

each. kit. 

 

Cell Counts: Differential cell counts were obtained by cytospin centrifugation of 100 µL of 

BALF using a Single Cytology Funnel (Fisherbrand, Pittsburgh, PA, 10-354) onto a slide and 

once dry, stained with DiffQuik (Siemens, Munich, Germany, B4132-1A). Differential cell 

counts were taken by counting 500 cells per slide/animal to identify relative percentages of 

macrophages, neutrophils, eosinophils, and lymphocytes. 
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Quantitative Morphometry of Lung Granulomas: Granulomas in lung sections stained with 

Masson’s Trichrome were analyzed by light microscopy (Olympus BX40 microscope). A 

granuloma was defined as a multi-cellular focal formation consisting of monocytes, 

macrophages, fibroblasts, and epithelial cells surrounding a MWCNT aggregate. Some 

granulomas also contained neutrophils and eosinophils. Photomicroscopic images were 

analyzed using Adobe Photoshop CS5 to determine the area of each granuloma formation by 

using the lasso tool and converting pixels to µm. 

 

Airway Area to Perimeter Ratio: An area to perimeter (AP) ratio method was used to 

quantitatively assess airway fibrosis as previously described 7,11. Briefly, light microscopic 

images of Masson’s trichrome-stained airways were analyzed using Adobe Photoshop CS5; 

the lasso tool was used to outline the inside perimeter of the airway along the basal membrane 

of the airway epithelium and along the outside perimeter of the ‘blue-stained’ connective tissue 

surrounding the airway. The ratio of this inner to outer measurement circumference 

measurement is referred to as the area to perimeter ratio. 

 

Bromodeoxyuridine (BrdU) Immunohistochemistry (IHC): Mice received an i.p. injection of 

100 mg/kg BrdU in PBS one-hour prior to euthanasia with an i.p. injection of pentobarbital. 

Formalin-fixed, paraffin embedded blocks of lung or small intestine (positive control) were cut 

5 µm with a microtome and mounted on a negatively charged slide and dried overnight. The 

sections were immunostained with anti-BrdU Pure (BD #347580) followed by the Vectastain 
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ABC kit (VectorLabs, Burlingame, CA, #PK-6102) and DAB buffer (BioGenex, San Ramon, 

CA, #HK542-XAK) as described per manufacturer protocol. BrdU-positive brown-stained 

nuclei stand out from the hematoxalin counterstain.  Photomicroscopic images were analyzed 

in Adobe Photoshop CS5 using the count tool to measure numbers of BrdU-positive epithelial 

cells associated with each airway. BrdU-positive cells were normalized for the total number of 

airway epithelial cells in each airway section. Data are the average percent of BrdU positive 

cells per airway per mouse in each treatment group. 

 

Mucin Quantification: Photomicroscopic images of Alcian Blue –Periodic Acid Schiff (AB-

PAS) stained lung sections were analyzed using Image J software and the area of positive 

stained blue/purple mucin was quantified as previously described 11.  

 

RT-PCR: Applied Biosystems high capacity cDNA reverse transcription kit (Fisher #4368814) 

was used to create cDNA from the mRNA isolated from the right lung lobes using Quick-

RNATM MiniPrep (Zymo Research, Irvine, CA, #R1058) according to the manufacturer’s 

instructions. The FastStart Universal Probe Master (Rox) (Roche, Basel, Switzerland, 

#16881300) was then used to run Taqman qPCR on the Applied Biosystems OneStepPlusTM 

Real-Time PCR System Thermal Cycling Block (ABI, Foster City, CA, Cat#4376598) to 

determine the comparative CT (ΔΔCT) fold change expression of IL-4, IL-13, PDGF-A, PDGF-

B, Col1a1, and Col1a2 normalized for β2-microglobulin (B2M) as the endogenous control.   
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Collagen Analysis: Snap frozen right cranial lung lobes were thawed and 10-50 mg of tissue 

was prepared for the Sircol Assay (Biocolor Ltd., Carrickfergus, UK, #S1000). The tissues and 

samples were analyzed according to the manufacturer’s instructions. Briefly, samples were 

sonicated for 6 min and then treated with Triton-X (Sigma #T8787) overnight. These samples 

were combined with Sirius Red dye and collagen hydroxyproline residues pelleted by 

centrifugation at full speed. The pellet was then washed twice with 99.9% cold denatured 

alcohol before resuspension in an alkali reagent. Absorbance was measured at 540 nm on a 

microplate reader to determine the concentration of collagen per lung. Samples were assayed 

in duplicate and collagen content was normalized to protein concentration of lung lysate and 

reported as µg of soluble collagen per mg of total protein. Collagen content in the lungs of 

mice was also measured by hydroxyproline assay according to the manufacturers’ instructions 

(Sigma, St. Louis, MO). 

 

Immunoblotting: Whole lung protein lysates were isolated from snap-frozen mouse left lung 

lobes and concentrations determined using the Pierce BCA Protein Assay Kit (ThermoFisher 

Scientific, Waltham, MA, #23225). Samples were diluted, loaded onto a NovexTM 4-12% SDS-

PAGE gel (Invitrogen, Carlsbad, CA, #XP04122BOX), and separated by electrophoresis as 

described previously 42. Briefly, samples were transferred to PVDF membranes, blocked, and 

incubated in primary antibody (1:1000 dilution). Rabbit polyclonal pSmad2/3 (#8828), total 

Smad2/3, and β-actin (#4967) primary antibodies as well as anti-rabbit (#7074) secondary 

antibody were purchased from Cell Signaling Technology (Beverly, MA).  Following primary 
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antibody incubation, the membranes were washed and then incubated with horseradish 

peroxidase-conjugated secondary antibody (1:2500 dilution). Enhanced chemiluminescence 

(ECL) (ThermoFisher Scientific #50-904-9326) was used to visualize immunoblot signals. 

Protein lysate was extracted from lung tissue of Stat1+/+ mouse lungs after 21 day exposure to 

vehicle (n=9), tMWCNT (n=3), and rMWCNT (n=6) and Stat1-/- mouse lungs exposed to 

vehicle (n=9), tMWCNT (n=3), and rMWCNT (n=6). To quantify all immunoblot signals, 

densitometry was performed as described previously using Adobe Photoshop CS5 43.  

 

Statistics: Statistical analysis of the data was performed using GraphPad Prism version 5.0 

(GraphPad Software Inc.). A one-way ANOVA with a post hoc Tukey test was used to 

determine significance between samples. A two-way ANOVA was used with a Bonferroni 

post-test to compare between genotypes. 

 

List of Abbreviations:  

Signal transducer and activator of transcription-1 (STAT1), carbon nanotubes (CNTs), multi-

walled CNTs (MWCNTs), tangled MWCNT (tMWCNT), rod-like MWCNT (rMWCNT), 

wild type for STAT1 (Stat1+/+), STAT1 knockout (Stat1-/-), oropharyngeal aspiration (OPA), 

bronchoalveolar lavage fluid (BALF), transforming growth factor-β1 (TGF-β1), osteopontin 

(OPN), platelet derived growth factor-A (PDGF-A), platelet derived growth factor-B (PDGF-

B), interleukin (IL), immunoglobulin E (IgE), static bending ratio (Db), static bending 

persistence length (SBPL), interferon (IFN), endothelial growth factor (EGF), transmission 
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electron microscope (TEM), bromodeoxyuridine (BrdU), enzyme linked immunosorbent assay 

(ELISA), TGF-β receptor I (TGF- βRI), TGF-β receptor II (TGF-βRII), mitogen activated 

protein kinase (MAPK), extracellular signal related kinase (ERK), extracellular matrix (ECM), 

type 1 T helper cell (Th1), type 2 T helper cell (Th2), portmanteau of mothers against 

decapentaplegic (MAD) and small body size (SMA) (Smad proteins) 
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Abstract 

The production and use of multi-walled carbon nanotubes (MWCNTs) has increased 

substantially over the past decade. The fiber-like shape of MWCNTs are similar to asbestos 

and thus could pose similar health hazards and disease when inhaled, including pulmonary 

fibrosis and mesothelioma. Mice deficient in the tumor suppressor p53 are susceptible to 

pulmonary fibrosis and carcinogenesis. However, the chronic pathological effect of MWCNTs 

delivered directly to the lungs of p53 heterozygous (p53+/-) mice has not been investigated. We 

hypothesized that exposure to tangled (t-) and rod-like (r-) MWCNTs by oropharyngeal 

aspiration followed by a 10 month recovery period would result in fibrogenic, immune and/or 

carcinogenic outcomes in the lungs of these mice. Wild type (p53+/+) or p53+/- mice were 

exposed 1mg/kg/week MWCNTs over 4 weeks and sacrificed 11 months after the initial 

exposure to evaluate chronic pulmonary disease outcomes. Neither tMWCNTs nor rMWCNTs 

caused mesothelioma or lung cancer in p53+/+ or p53+/- mice nor were there differences in 

pulmonary fibrosis between MWCNT-exposed mice of either genotype. However, increased 

granuloma size was observed in p53+/- mice compared to p53+/+ mice exposed to either 

MWCNT type, and granulomas were significantly larger in rMWCNT exposed mice. 

However, there was no difference in the number of granulomas between genotypes after 

MWCNT exposure. Interestingly, MWCNT exposure increased inducible bronchus-associated 

lymphoid tissue (iBALT) formation and p53+/- mice had constitutively larger iBALT 

formations. The number of lymphoid aggregates significantly increased with rMWCNT 

exposure but not tMWCNT exposure. MWCNT exposure did not affect the proliferation of 
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immune cells within iBALT as measured by bromodeoxyuridine administration and 

immunohistochemistry, yet rMWCNTs but not tMWCNTs resulted in greater proliferation of 

granulomatous cells and epithelial cells at terminal bronchioles. These findings indicate that 

p53+/- mice are susceptible to MWCNT-induced formation of granulomas and tertiary 

lymphoid tissue, but not mesothelioma or fibrosis. However, we cannot rule out the possibility 

that p53+/- mice might be susceptible to these diseases upon exposure to other types of 

MWCNTs or under different exposure scenarios such as inhalation. 
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Introduction 

The commercial use and incorporation of carbon nanotubes (CNTs) into products has been on 

the rise because of their unique optical, electrical and magnetic properties 1; however, little is 

known about the risks of possible exposure to these materials. Multi-walled carbon nanotubes 

(MWCNTs) possess some characteristics that are similar to asbestos, a known human 

carcinogen. For example, MWCNTs have a fiber-like shape and contain trace metal catalysts 

(e.g., Fe, Ni, Co) from the manufacturing process 2. Therefore, MWCNTs may pose similar 

toxicological risks to asbestos. Physicochemical characteristics of MWCNTs, including 

rigidity, can influence their carcinogenic potential. Therefore, both a tangled (t-) and rod-like 

(r-) MWCNTs were utilized for this study. Pulmonary disease states that are linked with 

asbestos exposure are fibrosis, granulomatous inflammation and mesothelioma. Studies with 

rodents show that MWCNTs delivered to the lungs by inhalation or oropharyngeal aspiration 

cause pulmonary fibrosis and granulomatous inflammation 3-6. MWCNTs delivered to the 

lungs of mice by inhalation or oropharyngeal aspiration also reach the pleura and cause 

transient inflammatory lesions at the mesothelial lining or proliferation of mesothelial cells 7-

9. Recently, increased promotion of adenocarcinoma was reported in mice that were first 

exposed to tumor initiator methylcholanthrene (MCA) followed by exposure to MWCNTs 10. 

This study also showed increased mesothelioma in mice co-exposed to MCA and MWCNTs 

and in one mouse from the MCA treatment group, but none resulting from MWCNT exposure 

alone 10.  
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The administration of fibers by intraperitoneal (i.p.) injection in mice is done as a surrogate to 

test mesothelioma development from the mesothelial cells on the diaphragm. Granulomatous 

formations have been shown to develop 7 days post i.p. exposure to either asbestos or 

MWCNTs 2. At one month post exposure to MWCNTs or asbestos i.p. injections has resulted 

in chronic inflammation 11. Administering an i.p. injection of asbestos (crocidolite or 

chrysotile) or an array of MWCNTs with varying lengths and properties has resulted in 

mesothelioma development in multiple studies. For example, mesothelioma formation has 

been shown at one year post i.p. exposure in tumor-susceptible heterozygous mice lacking one 

allele encoding the tumor suppressor p53, however no comparison was done to wild type p53 

mice 12,13. This induction of mesothelioma has been shown to be dose dependent and to develop 

MWCNT-induced mesothelioma faster than an equal dose of crocidolite asbestos 12-14. This 

same development of mesothelioma has also been demonstrated in a wild type rat model after 

one and two years post MWCNT exposure 11,15. Furthermore, an intrascrotal injection of 

MWCNTs has been shown to induce mesothelioma development in rats one year following 

exposure 16. More recently, a study completed in Fisher 344 rats demonstrated the carcinogenic 

effect of a rod-like MWCNT inhalation exposure following 104 weeks, where rats developed 

bronchiolar-alveolar carcinoma and adenomas when treated with higher doses of rMWCNTs 

17. These studies provide evidence to support the development of MWCNT-induced 

mesothelioma and carcinomas in rodent models. However, they fail to address the pulmonary 

transport component of MWCNTs. 
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Genetic alterations also play a part in the development of pulmonary diseases like lung cancer, 

mesothelioma and fibrosis. The p53 tumor suppressor plays a key role in the regulation of the 

pulmonary carcinogenic and fibrotic processes by controlling cellular responses to stress like 

DNA repair, apoptosis and cell cycle progression 18. Alteration of p53 function can lead to loss 

of function and proliferation control, potentially resulting in fibrosis or cancer. Disease states 

can further enhance the alteration of p53; for example, samples taken from patents with 

idiopathic pulmonary fibrosis (IPF) have high p53 mutation incidences 19,20. Furthermore, the 

majority of IPF patients with overexpression of p53 have been found to have multiple point 

mutations in the p53 gene 21. Chronic exposure (12 weeks) of transformed human lung 

epithelial cells to single walled CNTs in vitro resulted in neoplastic marker development and 

resistance to apoptosis via decreased p53 activation 22. Knock-down or knock-out p53 studies 

have found an increase in tumor incidence and burden associated with decreased life span of 

the mice 23-25. Knockdown or mutation of p53 resulted in increased murine lung tumor cell 

motility not seen in p53 wild type or with rescued p53 expression in vitro 25. Increased 

transcription of IL-6 and pro-inflammatory cytokines is initiated by activated p53 and function 

to regulate the immune response in vivo 26. Therefore, p53 is a crucial regulator of cellular 

homeostasis, and alterations of this gene may result in the promotion of disease states in the 

lung. In this study, we used a p53 heterozygous/p53-deficient mouse model which systemically 

has only one functional p53 allele and is used as a susceptible model for p53 alterations and 

carcinogenesis 24.  
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As inhalation is the primary exposure route of particulate matter, work has been completed to 

address the translocation of MWCNTs to the pleural space, the anatomical location of 

mesothelioma. A recent study of whole body inhalation of a rod-like MWCNTs in male and 

female F344 rats for 104 weeks found bronchiolar-alveolar carcinomas and adenomas, but no 

pleural mesothelioma 17. Studies conducted by exposing mice via inhalation or intrapulmonary 

spraying of MWCNTs were able to document sub-pleural translocation and induction of 

significant fibrosis at the pleural lining 7,9. MWCNTs that reach the pleural space have a high 

retention and thus perturb sustained inflammation and progressive fibrosis at this location 27. 

MWCNT size and shape have been determined as limiting factors of tube translocation and 

deposition long enough to cause mesothelial proliferation and fibrogenesis 28. Studies have 

also shown the ability of inhaled asbestos can cause pleural injury through macrophage 

activation and recruitment 29. Likewise, long MWCNTs induce macrophages to stimulate 

amplification of the inflammatory response in mesothelial cells 30. Extra-pulmonary transport 

has also been demonstrated in a study showing MWCNTs present in the parietal pleura, 

respiratory musculature, liver, kidney, heart and brain of mice after one and 336 days post 

exposure 8. No studies have been able to show long-term pulmonary MWCNT exposure to 

result in mesothelial tumors in the mouse lung. 

 

Previous studies have demonstrated that MWCNTs do translocate to and stay in the pleura 

following pulmonary inhalation or intrapulmonary spray exposures. Inhalation of MWCNTs 

does result in pulmonary carcinomas, fibrosis and granulomas in the lungs of rodents. However 
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mesothelioma development from chronic MWCNT pulmonary exposure has never been 

demonstrated in mice. To address this we used a tumor susceptible mouse model that is 

heterozygous for the tumor suppressor p53, exposed them to tMWCNTs or rMWCNTs via 

oropharyngeal aspiration and assessed lung pathology at 11 months post initial exposure. In 

this study we sought to evaluate chronic effects of t- and r- MWCNTs; specifically the presence 

of fibrosis, granulomas, pre-neoplasia and mesothelioma.  

 

Methods 

Materials 

tMWCNTs were purchased from Helix Material Solutions Inc., (Richardson, TX) and were 

characterized previously 7,31. rMWCNTs (XNRI MWCNT-7 05072001 K28) were 

manufactured by Mitsui & Co (Tokyo, Japan) and are a kind gift from Dale Porter at NIOSH. 

These materials have been characterized for residual metal content, length, rigidity, and width 

and are previously reported 3. MWCNTs were prepared in 0.1% Pluronic F-68 Solution 

(#P5556) from Sigma (Saint Louis, MO) diluted with DPBS. 

 

Animal Care 

Pathogen free wild type and p53+/- mice bred from a C57BL/6 background were housed in an 

IACUC approved and AALAC-accredited animal facility 32. Animals were house 1-5 per cage 

and fed LabDiet 5001 rodent diet and water ad libitum. All animal procedures were approved 

by the NC State University IACUC.  
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Dosing of Mice 

Wild type and p53+/- mice from the ages of 8-12 weeks were dosed once a week for 4 weeks 

with 1mg/kg tMWCNTs or rMWCNTs by oropharyngeal aspiration (OPA) under isoflurane 

anesthesia. A pictorial representation of the experimental design is shown in Appendix B.1A. 

These mice were divided into 4 groups with mixed genetic background, sex and treatment per 

group (Appendix B.2). The control wild type groups contained N=10, the wild type tMWCNT 

exposed group contained N=10, the wild type rMWCNT exposed group N=8, the p53+/- control 

group N=14, the p53+/- tMWCNT exposed group N=9, and the p53+/- rMWCNT exposed group 

N=8. Mice were exposed to tMWCNTs or rMWCNTs (1mg/kg) in 0.1% Pluronic surfactant 

solution (Sigma-Aldrich, Saint Louis, MO) by OPA under isoflurane anesthesia. Control mice 

received an equivalent dose of the vehicle 0.1% Pluronic surfactant solution. 

 

Necropsy and Collection of Samples 

Mice were euthanized utilizing pentobarbital fatal injection 11 months post initial exposure to 

tMWCNTs, rMWCNTs, or vehicle dose. Only two mice from the p53+/- rMWCNT group did 

not survive the entirety of the study, one died following the 4th and final dose and the other 

was euthanized due to debilitating sarcoma development (Appendix B.2). Furthermore, two 

p53+/- mice, one exposed to tMWCNT and the other to rMWCNT, were excluded from analysis 

due to MWCNT independent development of adenocarcionoma and alveolar proteinosis 

respectively. Two 0.5mL aliquots of phosphate buffered saline (PBS) (Caisson Labs, 

Smithfield, UT) were lavaged to collect bronchoalveolar lavage fluid (BALF) for cytokine and 
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cellular content, the left lobe of the lung was inflated and fixed for histology with neutral 

buffered formalin (Azer Scientific, Morgantown, PA) and the right lobes were divided equally 

into RNAlater (Fisher Scientific, Waltham, MA) or a snap frozen cryotube for mRNA and 

protein analysis respectively. Small intestine, heart, spleen, and liver samples were also 

collected for histology; Heart, spleen and liver samples were stored in RNAlater for mRNA 

analysis as well. 

 

Bromodeoxyuridine (BrdU) Immunohistochemical Staining (IHC) 

To label cells actively synthesizing DNA, 100 mg/kg BrdU (Sigma, Saint Louis, MO) in PBS 

intraperitoneal injections were administered to mice one-hour prior to euthanasia. Lungs and 

small intestine (positive control) were sectioned using a 5µm microtome, mounted on a 

negatively charged slide and stained using a protocol described previously 3. 

 

Granuloma Analysis 

Masson’s trichrome-stained lung sections containing granuloma formations were imaged with 

its respective scale bar. Each granuloma was characterized by the presence of MWCNT in the 

tissue with a reaction to them consisting of epithelioid macrophages and/or fibrosis. The 

presence of MWCNTs within alveolar macrophages (of which there were many) with no 

fibrosis or epithelioid macrophages was not considered a granuloma. Photoshop was utilized 

to measure granuloma area by using the ruler tool, under analysis, to measure and set a custom 

measurement scale by converting pixels to millimeters (µm). The lasso tool was used to 
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encompass the granuloma. A granuloma was defined as a mass of cells surrounding a foreign 

body and was bordered around the granuloma excluding the epithelial cells and contained to 

an easily defined border. Total lung area was measured by first configuring an image of the 

lung lobe by stitching using ImageJ with the Fuji plugin. The area of the lung was then 

measured using the lasso tool after being set to the dimensions of the image. 

 

Lymphoid Tissue Quantification Analysis 

Three lung sections from each mouse were cut, stained with bromodeoxyuridine (BrdU) and 

analyzed for inducible broncho-associated lymphoid tissue (iBALT) or ectopic lymphoid 

tissue (ELT) formations by scanning these sections for lymphoid structures. Each iBALT or 

ELT identified was imaged and the area was measured using the lasso tool in Photoshop from 

BrdU IHC stained slides. Total lung area was measured from BrdU IHC stained mouse lungs 

that were imaged at 40X and stitched together using the ImageJ plugin with unknown 

grid/collection 33. The total lung area was quantitively measured in ImageJ as were all 

lymphoid aggregates of more than 10 mononuclear cells. These were put into categories of 

iBALT or ELT for further analysis. The number of iBALT or ELT lesions were also counted 

as were the total number of granulomas and the number containing BrdU positive cells. The 

number of granulomas adjacent to lymphoid tissue were also scored from the H&E stained 

sections.  
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Lymphoid Tissue Analysis 

Three lung tissue blocks from each genotype and treatment group were selected and submitted 

for CD3 and CD45R/B220 IHC staining to assess lymphoid tissue structure.  

 

Collagen Analysis 

Snap frozen right lung lobes were weighed out to 10mg, homogenized and assayed for protein 

and soluble collagen. The Sircol soluble collagen kit (Biocolor, Carrickfergus, UK) was used 

to assay collagen content and Pierce BCA protein assay (Thermo Sicentific, Waltham, MA) 

was used to determine protein concentrations from each mouse lung. Area to perimeter ratio 

analysis was also conducted utilizing Masson’s Trichrome stained mouse lungs by quantitively 

measuring collagen surrounding the airways as described previously 3. 

 

Inflammatory Quantification 

BALF was collected and 100µL was cytospun onto slides. Cells were stained with DiffQuik 

® stain set (Dade Behring Inc, Newark, DE) and macrophages, eosinophils, neutrophils, and 

lymphocytes were counted to a total of 500 cells to determine respective abundance of each 

cell type per each animal. Total cell counts were completed by counting the total number of 

cells per three microscope views.  
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Cytokine Quantification 

Cytokines (TGF-1, Osteopontin, PDGF-BB) from BALF were measured by commercially 

available DuoSet enzyme linked immunosorbent assay (ELISA) kits (R & D Systems, Inc., 

Minneapolis, MN). 

 

Transmission Electron Microscope (TEM) 

As purchased tMWCNTs and rMWCNTs were imaged using a JEOL 2000FX scanning TEM 

and samples were prepared as described previously 34. Paraffin blocks of lung tissue from mice 

exposed to either tMWCNTs or rMWCNTs were submitted to core TEM facilities for de-

paraffinization and resin embedding.  

 

Statistical Analysis 

Statistical analysis was done by using GraphPad Prism software v. 5.0 (GraphPad Software, 

Inc., San Diego, CA). A one-way ANOVA with a Tukey post-hoc test was performed to 

determine statistical differences between treatments and genotypes. 

 

Results 

MWCNTs in the lung tissue of mice 11 months post-initial exposure.  Transmission electron 

microscopy (TEM) of the bulk nanomaterials used in this study showed the contrasting 

rigidities between ‘tangled’ tMWCNTs and ‘rod-like’ rMWCNTs (Fig 3.1a,d). Singlet and 

agglomerated nanotube structures were present within pulmonary alveolar macrophages 11 
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months following the initial oropharyngeal aspiration exposure to either t- or r-MWCNTs (Fig 

3.1b-c,e-f). tMWCNTs were present intracellularly and within close proximity to the Golgi 

apparatus and the nuclear membrane, but not within the nucleus. rMWCNTs were also present 

intracellularly 11 months following the initial exposure and are found in singlet and in 

condensed aggregates.  

 

Figure 3.1. TEM images of t- and r-MWCNT. TEM images of A) tMWCNT and D) 

rMWCNT as purchased (scale bar equals 100 nm). TEM image of a p53+/- mouse lung 11 

months following initial dose of B) tMWCNTs at 15000X and a p53+/+ mouse 11 months 

following initial exposure to E) rMWCNTs at 20000X shown in respect to the nucleus (Nu) 

and cytoplasm (Cy). (scale bar equals 2 µm). Arrows in insets indicate the presence of intact 

singlet C) tMWCNT and F) rMWCNT within the cell imaged at 50000X (scale bar equals 500 

nm). 
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Light microscopy of lung sections from mice showed aggregates of tMWCNTs or rMWCNTs 

present within granulomatous lesions as well as within singular alveolar macrophages (Fig 

3.2a). Of note, the rMWCNTs, but not the tMWCNTs, protrude from macrophages indicating 

frustrated phagocytosis (Fig. 3.2b). Of interest, Charchot-Leyden like crystals were more 

prominent in the lungs of tMWCNT exposed mice compared to control or rMWCNT exposed 

lungs suggesting a prior eosinophilic inflammatory response (Fig. 3.2b arrows in tMWCNT 

panels). The Charchot-Leyden like crystals were only observed in mouse lungs exposed to 

tMWCNTs and generally associated with both macrophages and tMWCNTs. No crystals were 

observed in mouse lungs exposed to rMWCNTs, however macrophages in these lungs 

appeared to be larger than those found in the tMWCNT exposed lungs. 

 

Figure 3.2. Pulmonary alveolar macrophages containing t- or r- MWCNT in the lungs of mice 

11 months following initial exposure. A) Hematoxylin counterstained mouse lung tissue from 

both wild type and p53+/- with arrows indicating the enclosed foreign material within the 

alveolar macrophages in the lungs. Note: no positively stained nuclei are present, light counter 

staining allows for better visualization of foreign material. (scale bar equals 20 µm). B) 

Hematoxylin and Eosin (H&E) stained lung tissue from wild type and p53+/- mice with arrows 

indicating macrophages containing t- or r- MWCNT. Arrow heads indicate charchot-leyden 

like crystal presence (scale bars equal 20 µm). 
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Inflammatory cells and cytokines in BALF. Macrophages dominated the immune cells in the 

bronchoalveolar lavage fluid (BALF) from mouse lungs from both genotypes and treatment 

groups, and though there was a slight increase in neutrophil cell counts from the lungs of p53+/+ 

mice with tMWCNT exposure, this increase was not significant (Appendix B.3). Analysis of 

the cellular makeup of the BALF revealed that, compared to total cell counts, tMWCNT or 

rMWCNT exposed mice contained similar total cell numbers as controls (data not shown). 

Differential cell counts conducted on the cytospins of the BALF revealed predominantly 

macrophage populated lungs with a slight, but not significant, increase in lymphocytes and 

neutrophils in lungs treated with rMWCNT (Appendix B.3). Cytokine levels of osteopontin 

(OPN), TGF-β1, and PDGF-BB in the BALF were not significantly increased by either 

MWCNT type or different between p53+/+ and p53+/- mice at the chronic endpoint evaluated in 

this study (Appendix B.4; data not shown). 

 

Granuloma formation in the lungs of p53+/+ and p53+/- mice chronically exposed to tMWCNTs 

or rMWCNTs. Mice exposed to tMWCNTs had multiple, small granulomas mostly confined 

the distal terminal bronchioles and alveolar ducts in the centriacinar region near the alveolar-

bronchiolar junctions (Fig. 3.3a). Granuloma size or frequency was not significantly different 

between p53+/+ mice and p53+/- mice (Fig. 3.3b, c). The macrophages containing this material 

were enlarged with vacuolated cytoplasm, though the compacted agglomerates of tMWCNTs 

frequently obscured the macrophages. There were occasional multinucleated giant 

macrophages in the lungs of both p53+/+ and p53+/- mice treated with either tMWCNTs or 
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rMWCNTs. The locations of the granulomas associated with rMWCNTs were similar to the 

location of the granulomas seen with tMWCNT exposed animals. The granulomas associated 

with rMWCNTs were larger with greater cellularity, containing numerous macrophages and 

often surrounded by lymphocytes (Fig. 3.3a). Rarely, there were rMWCNT-laden 

macrophages within the wall of an airway surrounded by increased numbers of fibroblasts 

(fibrosis). Foci of iBALT were observed near bronchioles with adjacent granulomas in the 

lungs of either p53+/+ or p53+/- exposed to rMWCNTs but not tMWCNTs (Fig. 3.3d). 

rMWCNT exposure resulted in the formation of significantly larger granulomas with respect 

to lung area compared to tMWCNTs, and there was a trend for larger granulomas forming in 

p53+/- mice compared to p53+/+ mice (Fig. 3.3b). Interestingly, the trend of increased granuloma 

area in p53+/- compared to p53+/+ mouse lungs was mirrored by the number of granulomas 

resulting from the respective exposures, where more granulomas were observed in p53+/- 

mouse lungs compared to p53+/+ mouse lungs treated with the same type of MWCNT (Fig 

3.3b, c).   

 

Effect of p53 deficiency and MWCNT treatment on lymphoid tissue formation. Bronchus-

associated lymphoid tissue (BALT) is a tertiary lymphoid structure composed of lymphocytes 

(i.e. T- and B-cells) mainly along bifurcations of the upper airways and rarely forms in healthy 

human or mouse lungs. It can be induced (iBALT) during chronic inflammation, infection, or 

other disease states 35,36. iBALT and non-bronchus-associated ectopic lymphoid tissue (ELT) 

structures were observed in mice from this study (Fig. 4c-d).  
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Figure 3.3. rMWCNT exposure results in significantly larger lung granuloma area and a 

higher association with lymphoid tissue compared to tMWCNT with a trend of larger 

formations in the lungs of p53+/- mice. A) H&E stained lung sections from wild type and 

p53+/- mouse lungs exposed to t- or r- MWCNTs near the terminal bronchioles (TB) of the 

lungs. Insets depict matured granuloma formations as indicated by arrows. (scale bar equal 200 

µm, inset scale bars equal 50 µm). B) Average area of lung occupied by granuloma measured 

by quantitative morphometry (***p<0.001, *p<0.01 between tMWCNT and rMWCNT). C) 

Average number of granulomas per three lung sections per mouse. D) Average number of 

granulomas directly adjacent to lymphoid tissue per three lung sections per mouse 

(***p<0.001, *p<0.01 between tMWCNT and rMWCNT). 
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In the pluronic-exposed control animals, there was no foreign material consistent with either 

MWCNT. There were a few, scattered lymphocytes around blood vessels and airways. Nine 

animals had up to two (most have one) variably sized foci of iBALT. The iBALT and 

perivascular lymphocyte infiltration in tMWCNT exposed mice was similar to that seen in the 

control animals (Fig. 3.4a). The number of lymphoid aggregates significantly increased 

following rMWCNT but not tMWCNT exposure, but induction of lymphoid aggregates by 

rMWCNTs was not different between p53+/+ and p53+/- genotypes (Fig 3.4a). However, the 

percent of the lung occupied by lymphoid tissue was significantly greater in control p53+/- mice 

compared to p53+/+ but was not further increased by tMWCNT or rMWCNT treatment (Fig. 

3.4b). Taken together this data suggests that while rMWCNTs increased the number of 

lymphoid aggregates, the lymphoid structures were significantly larger in p53+/- mouse lungs 

and this was primarily due to iBALT with minimal ELT (Fig 3.4 e-f). iBALT lesions contained 

proliferating cells as observed with bromodeoxyuridine (BrdU) immunohistostaining, yet the 

rate of proliferation was consistently around 10% for iBALT lesions in p53+/+ and p53+/- mouse 

lungs with or without MWCNT treatment (data not shown). Overexpression of cytokines, like 

IL-6 are associated with inducing iBALT 37, yet we did not see increased levels of IL-6 mRNA 

from treated mouse lung samples (data not shown). We also did not observe increased 

transcription of chemokines CCL2, CXCL10 or CXCL9 at this time point (data not shown).  
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Figure 3.4. Formation of inducible lymphoid tissue in response to t- or r- MWCNT 

exposure. A) Average number of lymphoid aggregates as a function of square µm lung area 

(**p<0.01 between tMWCNT and rMWCNT, **p<0.01, *p<0.05 compared to control). B) 

Average percent of lung area occupied by lymphoid tissue measured by quantitative 

morphometry (*p<0.05 between genotypes, *p<0.05 compared to control). C) Inducible 

bronchioalveolar lymphoid tissue (iBALT) along the bronchial (Br) airway and D) ectopic 

lymphoid tissue (ELT) and surrounding alveolar (Alv) space of the lung of a wild type and 

p53+/- mouse lung (scale bars equal 50 µm). Lymphoid tissue area broken up into average area 

of E) iBALT and F) ectopic lymphoid tissue (*p<0.05 between genotypes). 

 

 

Structural organization of inducible tertiary lymphoid tissue. To further characterize the 

lymphoid aggregates and granulomas, immunohistochemical (IHC) stains for T cells (CD3) 
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and B cells (CD45R/B220) were applied to serial lung sections. In all groups, T and B cells 

were evenly but thinly distributed throughout the parenchyma of the lungs. Development of 

both iBALT and ELT was evident. The immune cellular make-up of the inducible lymphoid 

tissues were classically ordered with a centrally-aggregated CD45R+ B cell population 

surrounded by more loosely distributed CD3+ T cells (Fig. 3.5). Despite non-specific staining 

of macrophage cytoplasm for CD3, close examination of the cellular morphology revealed that 

T and B cells were common in the periphery of both the r- and t-MWCNT-induced granulomas 

(data not shown). Prior studies of MWCNT exposure resulted in increased T cell and 

macrophage staining around granulomas as well 38,39. Of note, there were significantly more 

granulomas adjacent to lymphoid tissue in the rMWCNT-exposed mouse lungs compared to 

the tMWCNT-exposed mouse lungs, and there was no notable difference between genotypes 

(Fig 3.3d).  

 

Figure 3.5. Structure of pulmonary inducible lymphoid tissue. Lung tissue from p53+/- 

mice exposed to rMWCNT for 11 months was immunohistochemically stained for the T cell 

marker CD3 and the B cell marker CD45R (B220) depicting a B cell germinal center with 

peripheral T cells in both the iBALT and ELT formations. For reference a granuloma (G) is 

indicated to show negative staining of cellular aggregates (scale bars equal 100 µm). 
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rMWCNT exposure resulted in increased DNA synthesis in granuloma bearing cells. Lung 

tissue stained with BrdU was analyzed for brown-staining nuclei within granulomas that 

indicated proliferation (Fig. 3.6a arrows). Each granuloma counted was validated by the 

presence of foreign body nanomaterial (Fig. 3.6a arrow heads). About 25% of the p53+/+ and 

15% of the p53+/- rMWCNT-exposed lung granulomas included BrdU positive cells compared 

to only 5% of either p53+/+ or p53+/- tMWCNT-exposed lung granulomas (Fig. 3.6b). 

 

Figure 3.6. BrdU staining of granulomas show increased proliferation with rMWCNT 

exposure. A) Tissue from wild type and p53+/- mouse lungs exposed to t- or r- MWCNT for 

11 months was stained with BrdU where a dark brown stain indicates DNA synthesis and is 

also indicated by arrows. Arrowheads indicate the nanomaterial within the granuloma (scale 

bars equal 50 µm). B) Average number of granulomas with BrdU positively stained nuclei 

(**p<0.01 between genotypes). 
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Bronchiolar epithelial hyperplasia induced by MWCNT exposure. Some prominent 

bronchiolar epithelial hyperplastic lesions were observed in the lungs of either p53+/+ or p53+/- 

mice exposed to rMWCNTs, but were observed rarely in tMWCNT-exposed mouse lungs (Fig. 

3.7). Hyperplasia was defined by both the piling up of epithelial cells on the lateral surface of 

the basement membrane and BrdU positive staining of nuclei. There were also occasional 

aggregates of plasma cells near airways, which were not seen in the control or tMWCNT-

exposed mouse lungs. In the animals exposed to rMWCNTs, there was markedly increased 

incidence of bronchiolar epithelial hyperplasia at terminal bronchioles and a few instances of 

alveolar hyperplasia. Interestingly, in times where hyperplasia is coupled with papillary 

hyperplasia and small fronds of epithelium projected into the lumen of the airway with simple 

connective tissue core present, this marks the transition towards neoplasia 40. In a lung section 

from a rMWCNT-exposed p53+/- mouse a rare lesion of papillary hyperplasia was observed in 

the CD3 and CD45R lung sections, however it is important to note that there was no clear core 

present in the hyperplastic lesion to lend itself towards a neoplastic transition (Fig. 3.8). There 

was evident epithelial hyperplasia in rMWCNT-exposed mouse lungs, however there was no 

appreciable difference between genotypes observed.  
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Figure 3.7. Alveolar hyperplasia. BrdU stained lung sections from control, tMWCNT and 

rMWCNT wild type and p53+/- mice were imaged to show the bronchial epithelium near a 

terminal bronchiole (TB) as indicated by arrows. Arrowheads indicate BrdU positive epithelial 

cells in the hyperplastic epithelium (scale bars equal 50 m). 
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Figure 3.8. Papillary hyperplasia of the bronchiolar epithelium at alveolar duct 

bifurcation. Serial sections of papillary hyperplasia at the terminal bronchus in a p53+/- mouse 

following 11 months initial exposure to rMWCNTs. This rare pathology was captured in the 

IHC T cell marker CD3 and B cell marker CD45R sections. Arrows indicate location of 

papillary attachment to the bronchiole wall (scale bars equal 200 µm, inset scale bars equal 50 

µm). 

 

 

Pulmonary fibrosis after chronic exposure to tMWCNTs or rMWCNTs. To determine if 

significant collagen deposition occurred after exposure to either tMWCNTs or rMWCNTs, 

both a quantitative Sircol assay and semi-quantitative morphometric (area to perimeter ratio) 

analysis were performed. No observable difference was derived from the Masson’s Trichrome 

stained lung sections in regards to collagen deposition (Fig. 3.9a). Total lung collagen levels 

remained consistent between genotypes regardless of exposure (Fig. 3.9b). Moreover, there 
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was no significant difference in area to perimeter ratio after quantitively measuring the 

collagen cuff around each airway in Masson’s Trichrome stained lung sections (Appendix 

B.5).  

  

Figure 3.9. Collagen deposition 11 months following t- or r- MWCNT pulmonary 

exposure. A) Masson’s Trichrome stained lung sections are imaged here depicting terminal 

bronchioles (TB). Arrows indicate fibrotic foci (scale bars equal 200 m). B) Relative average 

µg of soluble collagen per mouse lung as determined using the Sircol assay (*p<0.05 between 

genotypes). 
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Discussion 

The aim of this study was to examine the immunologic, fibroproliferative and neoplastic 

potential of two types of MWCNTs with different rigidities, tangled (t)MWCNTs and rigid 

(r)MWCNTs in the lungs of transgenic mice deficient in one allele encoding the tumor 

suppressor p53. A major goal was to determine if either tMWCNTs or rMWCNTs delivered 

to the lungs of p53+/- mice would cause mesothelioma 11 months after the initial oropharyngeal 

aspiration exposure. Because rMWCNTs have been classified as a Group 2B carcinogen by 

IARC 41, we postulated that rMWCNTs but not tMWCNTs would cause lung cancer or 

mesothelioma in p53+/- but not wild type p53+/+ mice. While rMWCNTs caused focal 

bronchiolar epithelial hyperplasia and one observed incident of intraluminal airway papillary 

hyperplasia, no lung tumors or mesothelioma were observed in p53+/- mice. Moreover, we did 

not observe differences in pulmonary fibrosis between p53+/+ and p53+/- mice exposed to either 

tMWCNTs or rMWCNTs. However, rMWCNTs caused more robust granuloma formation 

compared to tMWCNTs and granuloma size was exaggerated in p53+/- mice. In addition, we 

observed that rMWCNTs, but not tMWCNTs, stimulated iBALT formation in p53+/+ mice and 

iBALT formation was spontaneously generated in the lungs of p53+/- mice. Also, p53+/- mice 

exhibited significantly larger lung area obscured by lymphoid aggregates compared to p53+/+ 

mice and these tertiary lymphoid aggregates were more populated in lungs following 

tMWCNT exposure and even further following rMWCNT exposure. Of key interest to the 

study, there was a higher incidence of epithelial cell proliferation and hyperplasia following 

rMWCNT exposure compared to control or tMWCNT exposed mouse lungs. Overall, our 
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findings indicate that p53 plays a role in immunologic response to MWCNTs and highlights 

the importance of nanotube rigidity in the immune response to MWCNTs.  

 

Our study revealed a role for p53 in regulating granuloma formation after exposure to 

MWCNTs. Notably, greater granulomas resulted from rMWCNTs, and p53+/- mice developed 

larger granulomas following exposure to either MWCNT type compared to p53+/+. Granulomas 

are composed of epithelioid macrophages, multi-nucleated macrophages and lymphocytes 

(mainly T cells) and form in response to a foreign body or an immune reaction. Mature foreign 

body granulomas have fibrous tissue encapsulating and isolating the foreign material. The 

observation of increased BrdU positive cells in granulomas of rMWCNT exposed mouse lungs 

at the chronic 11 month post initial exposure time point evaluated was surprising. The 

proliferating cells could be monocytic or lymphocytic in origin; either cell type synthesizing 

DNA is indicative of chronic rMWCNT-induced cellular proliferative stimuli within the 

granuloma and may be a result of continual injury and/or immune stimulation. Infiltrating 

monocytes may be the main source of macrophage replacement, however it is unknown how 

often alveolar macrophages proliferate to sustain a resident population in the lung. Studies 

have indicated that alveolar macrophages have a half-life of over one-month and have been 

observed to have a stable unreplaced population after 8 months 42. Resident alveolar 

macrophages self-replenish their population when the need arises 43. The incidence of BrdU 

positive macrophages in granulomatous formations resulting from rMWCNT and not from 

tMWCNT exposure lends itself to suggest that, after 11 months post-initial exposure, the 



148 

 

 

 

 

rMWCNTs continue to elicit cellular damage and thus the need for macrophage replacement.  

We observed that T cells were integrated into the granulomas induced by rMWCNTs (Fig. 5) 

and this is indicative of previously described immune granulomas 44. Previous studies have 

determined immune granulomas are positive for CD205 and absent in foreign body granulomas 

44. However, the observation of T cell infiltration within the rMWCNT foreign body 

granulomas and the frequency and proximity of tertiary lymphoid tissue to the t- or r- 

MWCNT-induced granulomas suggest that these foreign body granulomas are coupled with 

immune granulomas. 

 

The development of tertiary lymphoid tissues (iBALT and ELT) were a result of p53 

deficiency or rMWCNT exposure in the lung. These tertiary lymphoid organs form in response 

to chronic inflammation, infection or other disease states when the lungs are highly permissive 

to the formation of ELT or BALT 36,45. The early development of this tissue is driven by IL-

1α, and IL-1-receptor deficient mice fail to develop iBALT following exposure to either 

aluminum salts, silica, or viruses 46,47. Interestingly, silica induced lymphoid neogenesis can 

result in the development of an induced autoimmune phenotype 48. The lymphoid neogenesis 

exhibited in our study contained cellular elements organized into de novo formations of a B 

cell follicle surrounded by T cells 45. Additionally, increased iBALT in the lung is observed in 

mice as they age, and is further exacerbated by cigarette smoke 49.  Previous examination of 

rMWCNT pulmonary exposure found that exposure resulted in the dilation of pulmonary 

lymphatics after 56 days as measured by indirect immunofluorescence of podoplanin, a 
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lymphatic endothelial marker 50. Prior studies have observed MWCNTs deposited into BALT 

and have shown that these lymphoid tissues are a slower clearance method compared the 

mucociliary escalator in a rat model 51. Also, the presence of MWCNTs in BALT increased 

over time and the lymphatic system, though slow, facilitates the clearance of CNTs from 

alveolar interstitium 51. Interestingly, to date, there is no current literature available on p53 

regulation or involvement of inducible lymphoid tissue development; however, p53 has been 

implicated in the immune response during development. For example, the co-regulatory 

function of NFκB and p53 increases IL-6 in primary human monocytes and macrophages and 

induce neutrophil chemoattractant chemokines 26. In addition, p53 null or inhibited mice were 

able to clear the infection quickly compared to wild type mice upon pulmonary infection with 

gram negative bacteria 52. This clearance is due to increased phagocytosis, degranulation and 

NOX-dependent oxidant generation by neutrophils, yet these mice also exhibited a high 

mortality following infection and clearance due to aggravated lung injury 52. It is possible that 

the p53+/- mice with increased iBALT formation in the present study exhibited a heightened 

inflammatory response from t- or r-MWCNT exposure and this resulted in the increased 

granuloma sizes and number and size of induced lymphoid tissue neogenesis.  

 

One of the pressing issues in this study was to determine if p53+/- mice, a mouse model that is 

susceptible to tumor development, would develop mesothelioma after pulmonary exposure to 

MWCNTs. Previous studies performed i.p. injections of p53+/- mice with asbestos or 

rMWCNTs and showed more rapid development of mesotheliomas compared to wild type 12,13. 
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We found that oropharyngeal aspiration of a total dose of 4mg/kg over 4 weeks did not result 

in mesothelioma or carcinogenic development 11 months following the initial dose in either 

the wild type nor p53+/- mice. However, to date, no study has shown mesothelioma 

development in rodent models following direct pulmonary exposure to asbestos, a known cause 

of mesothelioma in humans 17,29,53,54. Therefore, it is not entirely surprising that MWCNTs did 

not cause mesothelioma in p53+/- mice and overall this may indicate that mice (even transgenic 

strains that are susceptible to tumor promotion) are poor models for assessing the carcinogenic 

potential of MWCNTs. We did observe epithelial hyperplasia resulting from rMWCNT 

pulmonary exposure and this concurs with previous studies of rodents exposed to this 

nanomaterial which have developed epithelial hyperplasia, adenocarcinoma and alveolar 

hyperplasia in the lung 10,17. Comparisons between rodent models have been utilized as well 

where i.p. injection of C57BL/6 mice and Wistar rats with rMWCNTs or crocidolite asbestos 

resulted in mesothelioma coupled with an accumulation of monocytic cells that suppress 

polyclonal activation of lymphocytes 12 months following exposure 55. The immune and 

proliferative effects of asbestos versus MWCNTs need to be carefully compared when 

determining potential pulmonary toxicity of such materials. The rodent model is limited by a 

short life span, and a latency period of over 15 years is common for asbestos-induced 

mesothelioma or fibrosis 56,57. This truncated life span may be a reason that mesothelioma has 

not been observed in vivo to date in rodents from emerging fiber-like nanomaterials such as 

MWCNTs or known agents like asbestos that cause mesothelioma in humans decades after 

exposure.  
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To address the potential of mesothelial and epithelial cells to be transformed in the presence 

of MWCNTs, in vitro studies have exposed cell cultures to the nanomaterials continuously at 

each passage to address the chronic exposure response. Lohcharonkal’s group exposed human 

mesothelial cells continuously to MWCNTs for 4 months, after which they documented 

increase proliferation and aggressive invasive behavior 58. Other studies exposed epithelial 

cells in vitro for 2 or 6 months continuously to MWCNTs and showed that these epithelial cells 

had undergone malignant transformation and acquisition of neoplastic markers 22,59. Little 

work has been done to bridge these in vitro studies with what may actually be going on in the 

pleural space to produce malignant cells.  

 

Conclusions 

The chronic presence of tangled (t-) or rod-like (r-) MWCNTs in the lungs of wild type or 

heterozygous p53+/- mice does not induce mesothelioma or lung tumors. However, p53+/- mice 

are susceptible to larger granuloma formation and the formation of tertiary lymphoid 

structures. These lymphoid structures are induced by rMWCNTs but not tMWCNTs in p53+/+ 

mice.  Moreover, rMWCNTs but not tMWCNTs induce hyperplasia in epithelial cells at 

terminal bronchioles in the lungs. Further studies should continue to address the differing 

physicochemical properties of MWCNTs along with genetic susceptibility in order to assess 

their potential to be carcinogenic, fibrogenic, or immunogenic.  
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CHAPTER IV 

Conclusions and Future Directions 

4.1 General Conclusions  

These studies have highlighted some major pathologic and mechanistic differences between 

tangled (t-) and rod-like (r-) multi-walled carbon nanotubes (MWCNTs). The tMWCNTs 

cause acute neutrophilia one-day post exposure which resolves after 21 days and 11 months. 

Granulomas were relatively small and condensed in the lungs of mice after 21 days and 11 

months showing negligible fibrosis or chronic inflammation and no goblet cell metaplasia or 

epithelial hyperplasia in mice. In contrast, the rMWCNTs, which were found to be 7-fold more 

rigid than the tMWCNTs, resulted in both acute and chronic inflammation persisting at least 

21 days post exposure, and in significantly greater airway fibrosis, TGF-β1 levels and Smad2/3 

activation in the lungs of exposed mice compared to tMWCNT treatment. This was found to 

be through a mechanism in which STAT1 negatively regulates TGF-β1 levels and downstream 

signaling activation of Smad2/3. rMWCNT exposure resulted in significantly larger 

granulomas than tMWCNTs in both experimental protocols of one bolus dose or four 

consecutive doses given over four weeks. Granulomas in mice with a C57Bl/6 background are 

frequently associated with inducible ectopic lymphoid tissue in the lung. Interestingly, 

rMWCNT exposure resulted in epithelial cell hyperplasia and one rare instance of papillary 

hyperplasia in p53+/- mice after 11 months. However, no neoplasia was observed in these mice. 

The negative findings in this study are equally important. The lack of MWCNT-induced 

neoplasia or fibrosis 11 months following initial exposure may result from using a mouse 
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model instead of a rat model. Also, the length of this study may have limited our observations 

of hyperplastic and neoplastic events. A study published recently reported that direct 

pulmonary exposure of MWCNTs over 104-109 weeks in rats to resulted in adenoma and 

adenocarcinoma development 1,2. These studies were over twice as long as our 11 month, or 

roughly 44 week exposure. These studies highlight the importance of CNT physicochemical 

differences (i.e. rigidity) in susceptible mouse models that result in differential pulmonary 

pathologic outcomes.  

 

The question of how relatable MWCNTs are to asbestos appears to be a bigger question than 

anticipated. As MWCNTs are not all made alike, they may need to be analyzed on a case-by-

case basis with a full understanding of their intrinsic physicochemical properties. The body of 

literature is growing on these materials, but the number of types of manufactured MWCNTs 

available is growing faster. From these two in vivo studies completed in Stat1-/- mice and p53+/- 

mice, it is clear that the two MWCNTs evaluated result in drastically different disease states 

in mice. The rMWCNTs resulted in significantly greater fibrosis compared to tMWCNT and 

this process was regulated by STAT1. While the rMWCNT have been classified by the 

International Agency for Research on Cancer (IARC) as group 2B possible human 

carcinogens, the carcinogenic potential of a variety of different types of carbon nanotubes 

remains elusive and represents a challenge for assessing the hazard of these emerging materials 

on human health.  

 



159 

 

 

 

 

Further investigation into the mechanism of MWCNT-induced pulmonary fibrosis is key to 

understanding how this disease develops, what biomarkers to measure in humans exposed to 

MWCNTs, and how to best treat this disease. The mechanism of pulmonary fibrosis in this 

study was derived from total lung protein from 129SvJ background mice 21 days post t- or r- 

MWCNT exposure. The densitometry analysis was completed on immunoblots of total and 

activated Smad2/3 protein. To thoroughly investigate STAT1 regulation of fibroblast 

activation and fibrogenesis in response to MWCNT in Stat1-/- mouse lungs compared to 

Stat1+/+, primary mouse lung fibroblasts were isolated from these mice and exposed to t- or r- 

MWCNTs in vitro. Previously published work from Wang et al. showed increased TGF-β1-

receptor, Smad2, and phosphorylated Smad2 in 3T3-L1 fibroblasts exposed to MWCNTs in 

vitro 3.  Unfortunately, in my study the MWCNTs seemed to float above the cellular layer and 

did not interact with the fibroblasts nor did they elicit a fibrogenic response. MWCNTs were 

administered in conjunction with pro-fibrogenic growth factors TGF-β1 or PDGF-BB, 

however there was only a growth factor response observed in the primary fibroblasts and no 

tube difference. Macrophage cell lines offered a much more robust response to MWCNT in 

vitro. Primary bone marrow derived macrophages (BMDM) were isolated from Stat1+/+ and 

Stat1-/- mice and exposed to increasing doses of t- or r- MWCNTs as shown in Appendix C.1. 

Total mRNA was collected and run through qPCR for fibrogenic targets TGF-β1 and PDGF-

BB. Interestingly, Stat1-/- BMDMs had significantly higher transcription of these targets in a 

dose responsive manner for TGF-β1 (Appendix C.2) and PDGF-BB (Appendix C.3). A murine 

immortalized macrophage line, RAW264.7 was also exposed to the same MWCNTs using this 
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method and was found to have a time course related increase in TGF-β1 production with 

tMWCNT exposure, and was exaggerated with rMWCNT exposure (Appendix C.4). The 

mechanism of MWCNT-induced fibrosis is poorly understood, and there are some practical 

barriers to teasing out its mechanism. However, this mechanism seems to be macrophage 

mediated, where Stat1-/- macrophages produce significantly greater TGF-β1 and PDGF-BB 

mRNA 24 hours following MWCNT exposure in vitro, and RAW264.7 macrophages produce 

greater TGF-β1 over a matter of days after exposure to either t- or r- MWCNT. We have shown 

in prior studies that primary fibroblasts isolated from Stat1-/- mice produce significantly more 

collagen mRNA and protein than Stat1+/+ primary mouse lung fibroblasts with TGF-β1 

stimulation 4. A better understanding of the mechanism of MWCNT-induced pulmonary 

fibrosis will help to provide alternate understanding to the progression of this disease state.  

 

The neoplastic potential of these materials seems to lie in the mouse model as well as the choice 

of tumor suppressor chosen. While p53 is arguably the most mutated gene found in cancers, 

the CDKN2A-CDKN2B locus is frequently deleted in cancers, and is the most common genetic 

aberration found in mesothelioma from both humans and rodents 5-10. The cyclin-dependent 

kinase inhibitor 2A (CDKN2A)-CDKN2B locus encodes three tumor-suppressor proteins 

p15INK4B, p14ARF (p19ARF in mice), and p16INK4A which have been extensively reviewed 11.  

The protein products of these sequences inhibit cyclin D-dependent CDK4 and CDK6, thereby 

inhibiting activation of retinoblastoma protein (RB). ARF binds MDM2 E3 ubiquitin ligase 

and prevents p53 degradation by ubiquitylation and facilitates p53 activation. Notably, in one 
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of the intraperitoneal injection exposures of rats to MWCNTs where mesothelioma developed, 

these tumors were tested for genomic alterations by comparative genomic hybridization and 

homozygous deletions were found in Cdkn2a/2b in almost all the tumors tested 10. Future work 

may focus on susceptibility in models more relevant to cancers observed from asbestos related 

disease states.  

 

This work in Chapter II has elucidated a novel mechanism of STAT1 regulation of TGF-β1 

and downstream activation of signaling molecules in MWCNT-induced fibrosis. Chapter II 

and III have found novel immunologic effects of MWCNTs not reported previously. These 

studies highlight the need for expanding our understanding of MWCNT physicochemical 

properties to better asses the risk of pulmonary toxicity. Future work should focus on coupling 

characterization of MWCNT characteristics with toxicologic and mechanistic studies to better 

compare tube types and understand how these physicochemical properties influence toxicity. 

 

4.2 Future Directions 

Future work investigating MWCNTs should focus on characterizing physicochemical 

characteristics to better categorize materials for a proper risk assessment. Length, rigidity, 

metal content, CNT coating and other properties have been linked to severity of disease and 

could be exceptionally useful for novel MWCNTs safety assessments. These properties could 

also be useful in the research and development steps of designing new MWCNTs as well. 

While safe handling and production of CNTs is key to protecting individuals, exposure does 
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happen and we, as a society need to best understand what the risks are from this exposure. 

Further studies are needed to better understand the potential for these materials to cause fibrosis 

in other sub populations who have co-exposure to other materials or allergens, co-morbidities 

like asthma, sarcoidosis, autoimmune diseases, or obesity, and in susceptible populations 

accounting for age and genetic predispositions.  
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APPENDIX A 

Supplemental Tables and Figures: Chapter II 
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Appendix A.1. Physicochemical parameters of tangled (t) and rigid(r) multi-walled carbon 

nanotubes (MWCNTs).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 



168 

 

 

 

 

 

Appendix A.2. Interleukin-4 (IL-4) and IL-13 mRNA expression in Stat1+/+ and Stat1-/- mouse 

lungs after exposure to tMWCNTs or rMWCNTs. A) Fold change in IL-4 mRNA at one and 

B) 21 days post exposure. C) Fold change in IL-13 mRNA expression at one and D) 21 days 

post exposure. Expression of mRNA normalized to β2-microglobulin (B2M). 
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Appendix A.3. Soluble collagen content measured from mouse lungs 21 days post exposure. 

Average soluble collagen concentration per lung in each respective treatment after 21 days of 

exposure to control, tMWCNTs, or rMWCNTs normalized to protein content of sample. 
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Appendix A.4. Osteopontin (OPN) protein levels in lungs from Stat1+/+ and Stat1-/- mice after 

one and 21 days of exposure to tMWCNTs or rMWCNTs. A) OPN protein in BALF after one 

and B) 21 days exposure to vehicle, tMWCNTs, or rMWCNTs as measured by ELISA 

(*p<0.05 or ***p<0.001 compared to control). 
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Appendix A.5. Platelet derived growth factor (PDGF) -A and -B expression in Stat1+/+ and 

Stat1-/- mouse lungs after exposure to tMWCNTs or rMWCNTs. A) Fold change in PDGF-A 

mRNA at one and B) 21 days post exposure. C) Fold change in PDGF-B mRNA expression at 

one and D) 21 days post exposure. Expression of mRNA normalized to B2M. 
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Appendix A.6. Expression levels of collagen mRNAs determined via Taqman qRT-PCR of 

RNA isolated from mouse lungs 21 days post exposure. A) Fold change in Col1a1 and B) 

Col1a2 mRNA expression after 21 days post exposure. Expression of mRNA levels normalized 

to B2M. 
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APPENDIX B 

Supplemental Tables and Figures: Chapter III 
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Appendix B.1. Experimental design and survival curve from animal exposures. A) Depiction 

of experimental set up and dosing indicating that one dose of 1 mg/kg t- or r- MWCNTs was 

given once a week for four weeks and sacrificed 11 months following the initial dose. B) 

Survival curve of all mouse groups where the p53+/- group exposed to rMWCNTs were the 

only to suffer unplanned casualties. 
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Appendix B.2. Table of mouse treatments, sex, and exclusions. Animal number and 

biological makeup per treatment group. 

 

M F

C57 Wildtype 0.1% Pluronic 9 1 N/A

C57 Wildtype tMWCNT 10 0 N/A

C57 Wildtype rMWCNT 8 0 N/A

p53 +/- Het 0.1% Pluronic 9 5 N/A

p53 
+/-

 Het tMWCNT 3 5/6 1 Female: Lymphoma

p53 
+/-

 Het rMWCNT 5/8 0 3 Males: 2 early termination, 1 Pulmonary alveolar proteinosis

Number per Sex
TreatmentGenotype Excluded Mice
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Appendix B.3. Differential cell counts. A) Differential cell counts were made by counting 

500 cells and categorizing them as a macrophage, neutrophil, eosinophil or lymphocyte. B) 

Number of neutrophil and C) lymphocytes in the differential cell counts. 
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Appendix B.4. Inflammatory cytokine levels. Bronchiolo-alveolar lavage fluid was run 

through an ELISA to measure levels of A) osteopontin (OPN) and B) TGF-β1. 
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Appendix B.5. Airway fibrosis. Average area to perimeter ratios of airways as measured by 

quantitative morphometry and averaged per mouse. Graphed here are average values per 

group of mice in each treatment group. 
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APPENDIX C 

Supplemental Figures: Chapter IV 
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Appendix C.1. Experimental set-up of bone marrow derived macrophage (BMDM) 

experimentation. BMDMs were grown submerged in media on a porous insert until confluent. 

Upon confluence, media was removed and only replaced below insert, MWCNT were applied 

directly to cell layer insert and incubated at 37oC for 24 hours before supernatant and mRNA 

collection. 
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Appendix C.2. TGF-β1 mRNA levels measured from bone marrow derived macrophages 

(BMDM). BMDM were isolated from Stat1+/+ and Stat1-/- mice. These cells were grown on 

inserts and exposed to minimal supernatant, tMWCNTs or rMWCNTs.  After 24 hours 

exposure total mRNA was collected and tested for TGF-β1 by qRT-PCR.  
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Appendix C.3. PDGF-BB mRNA levels measured from bone marrow derived macrophages 

(BMDM). BMDM were isolated from Stat1+/+ and Stat1-/- mice. These cells were grown on 

inserts and exposed to minimal supernatant, tMWCNTs or rMWCNTs.  After 24 hours 

exposure total mRNA was collected and tested for PDGF-BB by qRT-PCR.  
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Appendix C.4. TGF-β1 levels measured using supernatant from RAW264.7 macrophages. 

RAW264.7 macrophages were grown to confluence in an insert, once confluent they were kept 

in serum free media prior to treatment with 10 µg/µL t- or r- MWCNT or vehicle. Supernatant 

was collected after 24, 48, 72, and 96 hours and run on a TGF-β1 ELISA. 
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