
ABSTRACT 
 

BAKER, ELLEN ELIZABETH. Mechanisms of the Pulmonary Immunological Response to 
Nickel Nanoparticles in Allergic Airway Remodeling and Pleural Inflammation. (Under the 
direction of Dr. James Bonner.)  
 

Pulmonary diseases, such as fibrosis, cancer, and mesothelioma, are a major concern 

for individuals and susceptible populations with pre-existing allergic lung inflammation 

exposed by inhalation to certain types of particles, metals, and fibers. Inhalation of newly 

developed engineered nanomaterials (ENMs), especially metal-based nanomaterials, have 

also been posed as a risk for the development of pulmonary diseases since the novel 

properties they possess alters their reactivity and toxicity. Exposure to nickel nanoparticles 

(NiNPs) has been demonstrated to cause greater toxicity in the lung than their larger particle 

counterparts by inducing more severe inflammation and injury. Therefore, the effects that 

NiNP exposures have on chronic airway remodeling and pleural fibrosis were addressed 

using both in vivo and in vitro rodent studies.  

Asthma is a heterogeneous disease of the airways that is characterized by chronic 

inflammation and airway remodeling, and regulated by a complex interaction of 

environmental and genetic factors. While most research focuses on how environmental 

factors influence the development of asthma, candidate genes involved in the pathogenesis of 

the disease must also be studied in order to better understand the genes that regulate asthma. 

Therefore, the role of the T-box transcription factor TBX21 (T-bet), which is involved in 

maintaining T helper 1 cell differentiation in the lung, was analyzed in regards to asthma 

pathogenesis and NiNP exposure. The absence of T-bet causes naïve, mature T cells to 

differentiation into T helper 2 cells, which have been classically defined as the T helper cell 

subset that mediates the development of allergic airway remodeling. In mice, T-bet 



deficiency causes the development of spontaneous Th2-mediated allergic lung inflammation, 

similar to that of human asthma. Thus, we sought to determine if T-bet-deficient (T-bet-/-) 

mice are susceptible to the exacerbation of allergic airway inflammation induced by NiNPs. 

It was determined that NiNP exposure significantly enhanced airway fibrosis and 

inflammation in both wild-type (WT) and T-bet-/- mice. Furthermore, NiNP-induced mucous 

cell metaplasia, interstitial fibrosis, and CCL2 expression were further exacerbated in T-bet-/- 

mice. We observed that treatment of T-bet-/- mice with a monoclonal anti-CCL2 antibody 

significantly enhanced NiNP-induced mucous cell metaplasia. Therefore, CCL2 is a 

potentially important T-bet-regulated chemokine that appears to play a protective role in 

selectively suppressing nanoparticle-induced mucous production in the lungs during allergic 

inflammation. Additionally, our results suggest that the presence of T-bet protects the lung 

from NiNP-induced CCL2 expression, mucin production, and fibrogenesis, thereby 

identifying T-bet as a potentially important gene that could further regulate lung injury 

induced by NiNP exposure.  

Based on previous studies, which have demonstrated that larger micron-sized nickel 

particles and MWCNTs containing residual nickel impurities induced pleural fibrosis in 

rodents in vivo, we decided to evaluate how NiNPs interact with platelet-derived growth 

factor (PDGF)-BB, a pro-fibrotic growth factor, to alter cellular signaling in cultured rat 

pleural mesothelial cells in vitro. Co-exposure of mesothelial cells to NiNPs and PDGF 

synergistically increased expression of CCL2 and CXCL10, two chemokines induced by 

injury that have pro-fibrotic or anti-fibrotic activity, respectively. Moreover, pharmacologic 

inhibition of the mitogen-activated protein kinase (MAPK) pathway determined that 

extracellular signal-regulated kinases (ERK)1,2 and hypoxia inducible factor (HIF)-1α were 



involved in intracellular regulation of CCL2 and CXCL10 induced by NiNPs and PDGF. 

These data indicate that NiNPs enhance the activity of PDGF in pleural mesothelial cells by 

regulating chemokine production through a mechanism involving ROS generation and 

prolonged activation of ERK1,2. Collectively, these results distinguish potentially important 

susceptibility factors for regulating NiNP-induced pulmonary diseases and suggests that 

individuals with pre-existing lung inflammation are at a higher risk for environmental and 

occupational exposures to ENMs.   
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GENERAL INTRODUCTION 

1. Pulmonary Effects of Nanomaterial Exposure 

Nanotechnology is a rapidly growing, diverse field used in many medical, consumer, 

and industrial applications that is estimated to become a $1 trillion market by 2015 (1, 2). 

Nanomaterials can be manufactured, created as a by-product, or naturally occur in the 

environment and are defined as having at least one nanosized dimension that is < 100nm. 

Engineered nanomaterials (ENMs) are manufactured structures that are manipulated at a 

molecular level for the fabrication of larger products (3). They have been increasingly 

gaining popularity because their nanosize allows them to possess novel physical and 

chemical properties when compared to bulk counterparts that are composed of the same 

material and the same shape (4). The ability to manipulate these ENMs allows for changes in 

physical and chemical properties including altered solubility, color, electrical conductivity, 

strength, and mobility thus making them even more attractive for use in a variety of products. 

However, each property change affects the chemical and biological reactivity of ENMs, 

therefore preventing the ability to predict how they will affect human health and the 

environment (5).  

Inhalation is the major route of entry during occupational or environmental exposure 

to ENMs. Therefore, the toxicity of nanomaterials on the respiratory system is of great 

concern yet remains relatively unknown (2). Carbon nanotubes (CNTs) are a class of 

prototypical ENMs that are increasingly used for a variety of purposes in structural 

engineering, electronics, and medicine. CNTs are made using an allotrope of carbon rolled 

into a cylindrical shape using either one layer for single walled carbon nanotube (SWCNT) 
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or two or more layers for multi-walled carbon nanotubes (MWCNT) (6). The fiber-like shape 

and high length to width (aspect) ratio of CNTs makes them comparable to asbestos fibers 

and therefore raises concern that they will cause similar injuries (2, 7, 8). While there is 

currently no epidemiologic data that directly supports the hypothesis that CNTs cause injury 

to the lung in humans, a variety of studies show that CNTs cause lung inflammation and 

fibrosis (tissue scarring) when delivered to the lungs of mice or rats by inhalation, 

oropharyngeal aspiration, or instillation (2, 9). Since the production of CNTs and other 

nanomaterials is so recent, it could take years to see disease outcomes like fibrosis and 

cancer. For instance, asbestos-induced mesothelioma and lung cancer is a prime example of 

how a single exposure can have a long latency period (10-20 years) before it is clinically seen 

in humans (8). Therefore, studies have been performed in rodents in vivo and in cultured 

rodent or human cells in vitro to preemptively analyze the toxicity of CNTs.  

Researchers have found that CNTs administered to the lungs, by many routes of 

exposure including but not limited to inhalation exposure, caused acute inflammation as well 

as chronic interstitial and pleural fibrosis (2, 10-17). It has been suggested that the 

development of inflammation and fibrosis in response to CNT exposure is a result of 

frustrated macrophage phagocytosis that occurs when long fibers, such as CNTs or asbestos, 

are engulfed by macrophages. Frustrated phagocytosis causes biopersistence of CNTs in the 

lung and increases generation of reactive oxygen species (ROS) and expression of various 

cytokines, chemokines, and growth factors that affect surrounding cells (18). Additionally, 

inhaled CNTs have been found to induce systemic effects on the immune system in mice 

such as splenic immunosuppression (15).  Other organ systems can also be adversely affected 
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by pulmonary exposure to CNTs, including heart, liver, and vasculature, due to changes in 

gene expression involved with inflammation and oxidative stress (8, 12, 15, 19, 20).  Even 

though CNTs are categorized together as one type of nanomaterial, there are a variety of 

different types (e.g., single-walled vs. multi-walled) that can be manufactured using different 

metal catalysts (e.g. Ni, Co, Fe). Therefore, it is important to note that any response to CNTs 

is dependent on the material’s properties, such as length, surface configuration, and chemical 

composition, in addition to how they are administered to the lung (21).  

Nanoparticles are considered a greater risk for lung disease compared to larger 

particles due to their large surface area per unit mass, which creates a greater potential for 

ROS generation. They are also more likely to remain suspended in the air for longer periods 

of time compared to larger particles, reach the distal regions of the lung once inhaled, and 

thereby pose a greater inhalation risk during manufacturing, production, and distribution in 

occupational settings (2, 22). While some larger, micron-sized particles (e.g. TiO2) are inert 

and do not cause toxicity, nanosized particles composed from the same material as their bulk 

counterparts have been shown to exhibit inflammatory responses in the lung (1). Together, 

the combination of their small size and large surface area allows for increased generation of 

ROS, which has been linked to the development of inflammation and fibrosis. ROS 

production, combined with the ability of nanoparticles to reach more distal areas of the lung 

than larger particles, increases the potential to induce greater lung injury therefore suggesting 

that pulmonary toxicity increases as particle size decreases (1, 23-25).  

Unlike CNTs, pulmonary health effects resulting from exposure to ambient 

nanoparticles in air pollution (i.e., ultrafine particulate matter, PM) has been documented and 
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investigated extensively in humans (22). Air pollution PM contains a wide range of particle 

sizes and has been extensively studied because of the adverse health effects they cause, 

including exacerbation of asthma and increased risk of cardiovascular disease (26). Ultrafine 

particles (i.e. nanoparticles) contribute more to PM-induced toxicity than the larger sized 

particles because they absorb greater amounts of pollutants and oxidative gases and can 

travel longer distances (27, 28). Upon inhalation, they can cause a greater inflammatory 

response in the lung, exacerbate pre-existing pulmonary diseases like asthma and chronic 

obstructive pulmonary disorder (COPD), as well as induce diseases such as pulmonary 

fibrosis, lung cancer, emphysema, and even cardiovascular disease since the respiratory 

system receives the entire cardiac output (2, 29). Furthermore, nanoparticles can also more 

readily translocate from the airspaces in the lung through type I epithelial barriers to enter the 

circulatory system and, like CNTs, have the ability to systemically affect other organ systems 

(3). 

As previously mentioned, the effects produced by ENMs on the respiratory system 

are dependent on the physiochemical properties of each ENM, especially metal content. 

Exposure to airborne metal fumes or particles, in their pure form, is relatively uncommon 

except in some occupational settings such as welding; however that is currently changing due 

to the development of ENMs. CNTs and nanoparticles manufactured using a metal catalyst or 

composed entirely of a metal or metal oxide compound represent a greater risk when inhaled 

since they have the ability to produce even more ROS and are more likely to be carcinogenic 

(3, 4, 30, 31). MWCNT and SWCNT are mainly composed of carbon but are manufactured 

using metal catalysts such as iron, nickel, and cobalt, amongst others. The catalyst used 
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during the manufacturing process is often left behind as a residual metal and embedded 

within the CNT, even after washing the CNT with acid (32). While residual metals constitute 

a small percentage of the CNT, some researchers believe that these residue metal catalysts 

significantly contribute to the potential adverse health effects that might arise from CNT 

exposure (1, 17, 33). Additionally, occupational exposure from manufacturing these catalysts 

in their raw form or the manufacture of metal-based nanoparticles used for other applications 

does occur and exposure levels can be very high (28). Exposure to nanoparticle metals, 

especially transition metals such as nickel, vanadium, and chromium, are known to cause 

respiratory illness, cancer, and workplace-induced asthma (34, 35).  

Of importance to this study are the respiratory effects induced by nickel nanoparticles 

(NiNPs).  Micron-sized nickel is already known to cause a variety of pulmonary diseases, 

including fibrosis and cancer (36). Therefore, the International Agency for Research on 

Cancer (IARC) has classified nickel and nickel-based compounds as group 1: carcinogenic to 

humans. However, NiNPs are new products that have different characteristics than their bulk 

counterparts such as high magnetism, high surface energy and area, low melting point, and 

low burning point (37). While likely to have some characteristics as bulk nickel, it is 

important to consider the unique properties NiNPs possess in order determine their impact on 

human health. Two research groups have compared the effects of NiNPs with larger sized 

particles composed of the same material. They both found that NiNPs have a great toxicity 

than their larger particle counterparts by generating more free radical activity, more severe 

pulmonary inflammation, and increased airway collagen deposition (38, 39). Furthermore, 
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our lab found that MWCNTs manufactured with a NiNP catalyst induced subpleural fibrosis 

in one study and exacerbated ovalbumin (OVA)-induced airway fibrosis in another (17, 40).  

The occupational recommended exposure limit (REL) proposed by the Occupational 

Safety and Health Administration (OSHA) for nickel exposures are set as 1.0 mg Ni/m3; 

however this limit is based on mass of the material only and does not take into consideration 

nanosized Ni (39). Furthermore, in addition to workplace exposure, a 2001 the Ninth Report 

on Carcinogens from the National Toxicology Program estimated that roughly 720,000 

people living near primary nickel-emitting sources (< 12.5 miles away) receive an average 

ambient exposure of 0.2 µg Ni/m3 while another 160 million people are exposed to an 

average of 0.05µg Ni/m3 (26). Therefore, a combined 170 million people in the United States 

alone are being exposed to ambient levels of nickel particulates as a component of air 

pollution released from industrial activity. Since nickel also causes occupational asthma, 

pleural effusions, and pulmonary fibrosis in the workplace it is likely that there are some 

adverse effects on human health from environmental exposure. The increasing usage of 

nanosized Ni for catalytic purposes in industry suggests that a new wave of occupational and 

environmental exposures is likely (40). Understanding the biological impact of NiNPs is 

therefore highly significant to human health and the environment.    

 

2. Characteristics and Phenotypes of Allergic Airway Inflammation 

Asthma is a chronic inflammatory disease of the airways that currently affects more than 

35 million people in the United States and 330 million people worldwide (41). Additionally, 

work-related asthma is commonly associated with exposure to particulate matter and affects 
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many adults with asthma annually (42). Furthermore, the rate of incidence and severity of 

this disease is continually increasing despite the amount of effective therapies available (43). 

This especially occurs in the United State or more “Westernized” countries where asthma 

rates are almost 30-fold higher than developing countries (44). While there is not a single 

contributing factor for the rise in asthma rates, increases in particulate matter exposure 

(notably ultrafine particulates), immune system development, early life exposures to 

allergens or asthma-inducing chemicals, indoor air quality, diet, exposure to second-hand 

smoke, and differences in hygiene are all considered possibilities (45). However, asthma is 

considered a heterogeneous disease that is not only regulated by environmental exposures but 

rather a complex interaction of environmental and genetic factors. A review article 

summarizing results from over thirty genome-wide associated (GWA) studies reported that 

researchers have found that there are at least 100 candidate genes that could contribute to the 

development of various asthma phenotypes (46).  

Symptoms of asthma often include shortness of breath, wheezing, coughing, and 

tightness of chest. Diagnosis is performed without a precise test but is based on the 

reoccurrence of symptoms, family history, responses to triggers such as cold air, exercise and 

pet dander, in addition to improvement with appropriate therapies (47). Pathogenesis of this 

chronic inflammatory disease is characterized by airway hyperresponsiveness (AHR) and 

accompanied by chronic airway remodeling that includes mucus hypersecretion, airway 

fibrosis, infiltration of inflammatory cells, and airway smooth muscle cell hypertrophy and 

hyperplasia. These structural changes cause obstruction of airflow in response to stimuli by 

bronchoconstriction and narrowing of the airway lumen through contraction of smooth 
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muscles cells surrounding the bronchioles, excess mucus production as a result of mucous 

cell metaplasia and/or goblet cells hyperplasia, and subepithelial collagen deposition to 

prevent airway dilation (48, 49). The main cause behind fatal asthma, and the greatest 

contributor to airflow obstruction, are mucus plugs caused by mucus hypersecretion that 

occludes an estimated 98% of the airways (50, 51). Classification of asthma is dependent on 

the severity of the disease and can be ranked as intermittent, mild persistent, moderate 

persistent, and severe persistent according to symptoms and lung function (52). It is further 

defined as allergic (extrinsic or atopic) or non-allergic (intrinsic or non-atopic) asthma 

according to the type of exposure that can trigger exacerbations (53). 

Exacerbations of asthma from environmental and occupational exposures are caused 

by the inhalation of allergens, particulate matter from air pollution, ozone, cigarette smoke, 

bacterial and viral infections, as well as irritants. As mentioned above, these stimuli promote 

exaggerated episodes of inflammation and airway obstruction that could lead to increased 

rates of hospitalizations, morbidity, and mortality. Furthermore, exacerbating agents not only 

increase the incidence of acute asthma attacks, but also worsen the severity of chronic airway 

remodeling associated with asthma. While the final pathophysiologic outcome of 

exacerbations are the same, the cellular mechanisms that cause them differ depending on the 

exacerbating agent and are not fully understood (54, 55). In addition, mechanisms that 

control exacerbations also differ amongst asthma phenotypes. For example, individuals with 

severe asthma are more likely to suffer from more frequent exacerbations but exhibit 

increased neutrophilic inflammation instead of the classic eosinophilic inflammation (56). It 
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is therefore critical to understand the different phenotypes of asthma in order to develop 

better therapies to control and regulate the disease. 

Many cells are involved in the pathogenesis of asthma, including immune cells such 

as mast cells, eosinophils, neutrophils, macrophages, B cells, T cells and structural cells like 

airway epithelial cells, fibroblasts, and smooth muscle cells. However, CD4+ T cells have 

emerged as key players in mediating asthma development (57). CD4+ T cells are mature, 

naïve T helper (Th) cells that express the CD4 surface protein and secrete specific cytokines 

to signal to other immune cells. The CD4 protein cluster found on these T helper cells helps 

the T cell receptor (TCR) to communicate to antigen-presenting cells (APC). The naïve, 

mature T helper cells are then presented with an antigen by APCs to help them differentiate 

into subsets of effector T helper cells. There are four main types of T helper cells and they 

are Th1, Th2, Th17, and regulatory T (Treg) cells (58). While this introduction will mainly 

focus on Th1, Th2, Th17, and Treg cells, it has been discovered that there are more than just 

these four subsets that could also be involved in the different asthma phenotypes (59).   

Th1 cell differentiation typically protects the lung from viruses and bacteria by 

mediating a delayed type IV hypersensitivity response. However, with regard to asthma 

pathogenesis, Th1 cells have been implicated in both increasing and decreasing the severity 

of allergic inflammation (43). Both IL-12 and interferon-gamma (IFN-γ) signal through the 

T-box transcription factor, TBX21 (T-bet), to regulate Th1 cell differentiation. T-bet 

transcription is dependent on signal transducer and activator of transcription (STAT)-1 and 

STAT-4 activation, which further increases IFN-γ expression. The presence of T-bet, Th1 

cytokines, and Th1 cells suppress the development of Th2 and Th17 differentiation (60). 
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However, there is much debate as to whether Th1 cells are fully protective against asthma or 

whether they also contribute to the progression of the disease. Th1 cells have been found in 

the lungs of individuals with asthma and in vivo studies suggest they could be present for two 

reasons (61). During adoptive transfer of Th1 cells into OVA exposed mice, inflammation in 

the lungs is increased and AHR is not reduced (62). Interestingly, a similar study showed that 

OVA exposed mice injected with Th1 cells had decreased AHR and eosinophilia with 

increased levels of IFN-γ (63).  

Th2 cell-driven inflammation has been one of the main areas of focus in asthma 

research to better understand the development of the disease. Early studies found increased 

numbers of Th2 cells in the airways of asthmatics and defined them as the main Th subset 

involved in regulating allergic lung inflammation (64). In the presence of interleukin (IL)-4 

and IL-2, naïve, mature T helper cells differentiate into effector Th2 cells through the IL-4-

induced transcription factor, STAT-6 and GATA-3 (65, 66). Once differentiated, Th2 cells 

produce a variety of cytokines, such as IL-4, IL-5, IL-9, and IL-13 that contribute to the 

inflammatory response of asthma. These cytokines regulate the hallmark characteristics 

associated with the progression of asthma and are involved in the recruitment of eosinophils, 

mucus production, chronic inflammation, and smooth muscle cell contraction. IL-4 plays a 

role in further promoting Th2 cell differentiation while IL-5 mediates eosinophil 

differentiation and survival. IL-13 is the most influential of the Th2 cytokines as it is 

involved in AHR, goblet cell hyperplasia, and airway remodeling, that involves collagen 

deposition and mucus hypersecretion (67, 68). When IL-13 is overexpressed in the lungs of 

mice by intranasal administration, it induces an asthma-like phenotype through a STAT-6-
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dependent pathway. Additionally, IL-13 acts directly through STAT-6 to regulate mucus 

production in airway epithelial cells by increasing the mucin gene, MUC5AC (69, 70). 

Studies in mouse models of asthma have demonstrated that IL-13 neutralizing antibodies 

administered to the lung prevent eosinophilia, AHR, airway remodeling, and mucus 

hypersecretion (71-73). If successful in clinical trials, anti-IL-13 would be an effective 

therapy for those with Th2-mediated asthma (73).    

Another subset of T helper cells have emerged and been identified as Th17 cells that 

produce IL-17A, IL-17F, and IL-22 through the retinoic acid-related orphan receptor γt 

(RORγt) transcription factor. They mediate chronic airway inflammation through 

neutrophilic infiltration instead of eosinophilic infiltration that is associated with Th2-

mediated asthma. The presence of Th17 cells in the lung has been shown to correlate with the 

severity of asthma and resistance to corticosteroid treatment, the most common therapy for 

asthma (74-76). IL-17 promotes the recruitment of macrophages and neutrophils through 

increased production of a variety of chemokines and growth factors, notably IL-8 and MCP-

1/CCL2, respectively (77, 78). Furthermore, IL-17 has been shown to increase the mucin 

genes, MUC5AC and MUC5B, in human bronchial epithelial cells through an NF-κB-

dependent pathway (79, 80). Transgenic mice deficient in IL-17 or its receptor, IL-17R, 

exhibited decreased eosinophilia, neutrophilia, and AHR in mouse models of OVA-induced 

allergic asthma. Monoclonal antibodies that neutralize IL-17 also protected against allergic 

inflammation in the same way IL-17 deficient mice did, suggesting a possible role for anti-

IL-17 therapies in patients with severe asthma (73).  
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Regulatory T cells are thought to play a role in the suppression, not progression, of 

asthma and allergic inflammation through cell-to-cell interactions and suppressor cytokine 

signaling (81). The transcription factor FOXP3 is required for development of T cells to 

differentiate into Treg cells in which they then express or induce IL-10 and transforming 

growth factor (TGF)-β (82). It is hypothesized that there is less IL-10 expression and 

therefore fewer Treg cells in the lungs of asthmatics, which allows for the development of 

Th2 cells (83). However, very little information is known about the mechanisms that regulate 

Treg cell-induced suppression of allergic airway inflammation. 

Many different animal models are currently being used in order to study the 

mechanisms that mediate the cellular and biochemical processes of chronic allergic 

inflammation and airway remodeling in humans. Due to the complexity and heterogeneity of 

asthma, animal models will never be able to fully mimic human asthma in every aspect. 

However, they are still useful tools to help us better understand specific pathologic features 

of the disease and elucidate mechanisms of pathogenesis. Mice are the most common animals 

used to model asthma due to the fact that they develop allergic airway inflammation and 

airways hyperresponsiveness to a variety of allergens. Additionally, a variety of transgenic 

strains are available to study the role of specific genes in the disease process (84). Currently, 

the most common model of allergic asthma is to induce airway remodeling in mice through a 

series of allergen sensitizations with adjuvant via intraperitoneal injection followed by 

intranasal or inhalation challenge of the same allergen. Factors such as the strain of mouse, 

age of the mouse, the sensitization and challenge protocol (acute vs. chronic exposure), as 

well as the type of allergen used can influence the extent of allergic inflammation achieved. 
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Ovalbumin (OVA, a protein found in a chicken egg white), house dust mite, and cockroach 

allergens are the most frequently used allergens to induce allergic airway inflammation in 

mice. They produce a Th2-mediated phenotype that includes elevated IgE levels, increased 

airway inflammation and hyperreactivity along with increased mucous cell 

hyperplasia/metaplasia, subepithelial fibrosis, and eosinophil infiltration (85). While it is 

important to study allergen-induced Th2-mediated allergic inflammation, it leaves knowledge 

gaps regarding the other types of asthma phenotypes as well as the gene environment 

involved in regulating asthma. Therefore, other studies have used bacteria, viruses, or 

chemicals (e.g., diisocyanate), usually in combination with an allergen, to understand 

mechanisms of sensitization or exacerbation of allergen-induced effects (54, 86, 87). In 

addition, transgenic mice offer a way to easily study genes that regulate the disease. Mice 

with a homozygous deletion of the transcription factor, Tbx21 (T-bet) were generated. Mice 

deficient in T-bet (T-bet-/-) are the first, and to our knowledge the only, transgenic animal 

model to spontaneously display physical and morphological characteristics of human asthma 

without the need of allergen exposure (88, 89).  

 

3. Transcription of T-bet for T Cell Differentiation 

 T-bet has been identified as a novel nuclear transcription factor for the differentiation 

of Th1 cells and expression of IFN-γ. It was found to belong to the T box gene family of 

DNA-binding domains and named as T-box expressed in T cells. Expression was originally 

thought to be only in thymocytes and Th1 cells, however it could promote IFN-γ production 

in CD4, CD8, and natural killer (NK) cells (90). It has been discovered that B cells, smooth 
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muscle cells, dendritic cells, Treg cells, and even endometrial epithelial cells also exhibit T-

bet (91-94) Furthermore, it was determined that T-bet converts fully polarized Th2 cells into 

Th1 cells while suppressing any additional Th2 differentiation through IL-4 and IL-5 

repression (90). STAT-1 was determined as the primary transcription factor to induce T-bet 

in response to IL-12-dependent IFN-γ expression, although some studies also showed that 

STAT-4 transcription could be involved (95, 96). IL-12-mediated IFN-γ is thought to 

stabilize T-bet so that it can bind to the IFN-γ promoter region and initiate an autocrine 

pathway for Th1 cell promotion (95). A variety of other mediators have also been shown to 

induce T-bet while others suppress its expression. For example, IL-27, Notch1, signaling 

lymphocyte activation molecule (SLAM), Sem4a, IL-21, glucocorticoid-induced tumor 

necrosis factor receptor-related protein (GITR), and lymphocyte function-associated antigen 

1 (LFA-1) have been determined to induce T-bet. However, TGF-β, Vav1, peroxisome 

proliferator-activated receptor (PPARα) suppress T-bet. While most of these pathways are 

linked to the immune system, their full effects have yet to be completely understood (97).  

 In the absence of T-bet, naïve, mature T helper cells are able to differentiate into Th2 

or Th17 cells. However, research has shown that T-bet physically interacts with the 

transcription factors for both subsets when it is present to allow for the development of Th1 

cells (98). During Th1 versus Th2 differentiation, a competition to select the “lineage-

defining transcription factor” begins when the naïve T helper cell is activated. IL-2-inducible 

T cell kinase (ITK) phosphorylation of T-bet mediates a tyrosine-kinase interaction with 

GATA-3 and prevents GATA-3 from binding to its target DNA. This allows for T-bet to 

indirectly suppress Th2 cytokine expression by rendering GATA-3 inactive (99). For Th17 
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differentiation, T-bet physically interacts with the transcription factor Runx1 to block Runx1-

dependent transactivation of Rorc, the gene that encodes for the Th17 transcription factor, 

RORγt. Similar to Th2 suppression, this happens in the early stages of naïve T helper cell 

commitment. Therefore, T-bet is able to suppress both Th2 cell and Th17 cell differentiation 

at the same time while binding to the IFN-γ promoter region for Th1 cell evolution (100). 

 Furthermore, homozygous T-bet knockout (T-bet-/-) mice were developed by 

disrupting the gene through homologous recombination in order to gain a better 

understanding of the function of T-bet in vivo (88). T-bet-/- mice spontaneously exhibited 

physiologic and pathologic characteristics that resembled the pathophysiology of a human 

asthmatic lung without the need of allergen sensitization and challenge. Deletion of T-bet 

caused the lungs of these mice to undergo chronic airway remodeling and display Th2-

mediated AHR, increased infiltration of eosinophils and lymphocytes, deposition of 

subepithelial type III collagen, and myofibroblast transformation. Mice with a heterozygous 

deletion of T-bet (T-bet+/-) had half the amount of T-bet and demonstrated a phenotype 

similar to T-bet-/- mice (89). A follow up study determined that IL-13 was the dominant Th2 

cytokine that regulated the spontaneous remodeling caused by T-bet deficiency and that it 

could also be either dependent or independent of TGF-β signaling (101). Another study using 

BALB/c T-bet-/- mice, found that when these mice were exposed to OVA they did not 

overproduce Th2 cytokines but instead had an increase in the Th17 cytokine, IL-17 (102). 

Moreover, a third study revealed that their OVA sensitization and challenge protocol caused 

both Th2-mediate and Th17-mediated inflammation in BALB/c T-bet-/- mice (103). These 

results suggest that mouse strain variation and type of protocol also influences the outcome 
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of transgenic studies. Since T-bet-/- mice spontaneously exhibit a phenotype similar to human 

asthma, it would be beneficial to utilize them in order to better understand the mechanisms 

behind the exacerbation of asthma. While a few researchers have taken advantage of this 

mouse model to further study the effects of bacteria and viruses have on disease progression 

there has not been, to our knowledge, any studies that have been performed using T-bet-/- 

mice to analyze the effects of particle inhalation on exacerbation of airway remodeling (104, 

105). 

 Interestingly, the lungs of asthmatics have been shown to have a decreased amount of 

T-bet expressing CD4+ T cells (89). Likewise, multiple studies have shown that T-bet 

polymorphisms are associated with clinical asthma phenotypes, the severity of AHR, and 

altered responses to inhaled corticosteroids (106-108). Researchers therefore suggest that T-

bet might be a useful therapy to protect against asthma exacerbations or even reverse 

progression of the disease. Two studies demonstrated that transgenic mice overexpressing T-

bet had reduced AHR, airway collagen deposition, and fewer eosinophil numbers due to a 

shift in Th2 to Th1 cell differentiation (106, 109). Additionally, when administered through 

intranasal delivery, a recombinant adeno-associated virus vector carrying the T-bet gene 

diminished OVA-induced airway inflammation through a restored Th1 immune response 

(110). Not only would T-bet-/- mice serve as a useful model for Th2-mediated allergic lung 

inflammation but it would also provide important information for the development of 

different therapeutic approaches for treatment of the disease. 
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4. Mechanisms Regulating Pleural Disease  

 The pleura is composed of a thin, elastic membrane that surrounds the lungs. It forms 

two layers, the visceral pleura and the parietal pleura by folding back onto itself. The inner, 

visceral pleura covers the lungs while the outer, parietal pleura lines the chest wall forming a 

space between them called the pleural cavity. The pleura is lined with a thin, monolayer of 

cells on top of a basement membrane called the mesothelial lining that is supported by the 

blood and lymphatic vessels, connective tissue, and fibroblasts (9, 111). The function of 

mesothelial cells is to secrete fluid composed of surfactant-like molecules into the pleural 

space in order to facilitate the movement of the lungs as well as protect them. The 

mesothelium also helps move particulates and cells across the pleural space and is involved 

in a wide variety of immune functions including the secretion of pro- and anti-inflammatory 

mediators (112, 113).  

 Injury occurs in response to an imbalance in mesothelial cell signaling in addition to 

their interaction with other inflammatory cells, which can result in the development of 

pleural effusion, mesothelioma, and pleural fibrosis (pleural plaques) (114). Pleural effusions 

are an abnormal accumulation of excess fluid within the pleural cavity that impairs breathing. 

A few causes of pleural effusions are infection, congestive heart failure, liver cirrhosis, 

cancer, trauma, autoimmune diseases, and pulmonary embolism (115). Mesothelioma is a 

rare form of malignant cancer that develops from mesothelial cells that line the pleura. The 

development of this cancer is commonly associated with the exposure to asbestos fibers. 

However, fibrous minerals, radiation, and viral infections have also been known to cause 

mesothelioma (116). Additionally, there are growing concerns that carbon nanotubes, due to 
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their asbestos-like shape and ability to reach the pleura, could also cause mesothelial cells to 

become malignant (2, 7, 17). Some researchers suggest that fibrotic scarring of the pleura, 

caused by recurring injury, increases the probability that mesothelioma will develop (117).  

 Pleural fibrosis is the formation of localized plaques or diffuse thickening of the 

pleura through the deposition of extracellular matrix components and collagen. Causes of 

pleural fibrosis occur from a range of diseases, infections, medications, cancer, and 

exposures, such as asbestos and particulate matter. Inflammation of the pleural cavity, 

usually as a result of pleural effusions, initiates the pathogenesis of fibrosis development 

while mesothelial cells determine the fate of the disease (114, 118). Mesothelial cells are the 

deciding factor on whether injury is resolved through normal healing or whether it progresses 

into fibrosis. Repair of the mesothelium is dependent on leukocyte clearance and a decrease 

in collagen deposition associated with fibroblast proliferation. Exaggeration or disruption of 

these events could therefore lead to fibrogenesis (113).  

 In response to injury, pleural mesothelial cells become active, begin to proliferate, 

and start secreting chemokines to recruit leukocytes, such as macrophages and neutrophils, to 

the site of inflammation. Common chemokines expressed by injured mesothelial cells 

include, platelet derived growth factor (PDGF), a potent mesenchymal cell chemoattractant, 

IL-8, a potent chemoattractant for neutrophils, monocyte chemoattractant protein-1 (CCL2), 

a pro-fibrotic mediator, interferon gamma-inducible protein-10 (CXCL10), a chemoattractant 

for T cells and NK cells, vascular endothelial growth factor (VEGF), a growth factor 

responsible for vascular permeability during pleura effusions, and growth-related oncogene 

(GRO)-α that has mitogenic activity and is a chemoattractant for neutrophils (114, 119, 120). 
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In fibrosis, the wound healing to repair the injured mesothelial cells is impaired. As a result, 

extravascular fibrin, a protein that is involved in wound healing, begins to accrue at the site 

of injury resulting in excessive matrix formation. Accumulation of fibrin occurs from 

abnormalities in coagulation or inhibition of fibrinolysis (121). In addition, subpleural 

fibroblasts also contribute to matrix formation by inducing collagen and fibronectin protein 

expression through a TGF-β1 dependent mechanism (122).   

 An important mediator involved in the development of fibrosis is PDGF. In response 

to injury, PDGF is increased by mesothelial cells and alveolar macrophages to promote the 

proliferation and chemotaxis of mesenchymal cells (fibroblasts, myofibroblasts, smooth 

muscle cells) (123).  Macrophages, which are initially recruited by mesothelial cells through 

CCL2 signaling, are identified as the main source of PDGF expression during fibrogenesis 

(124, 125). In pleural fibrosis, the formation of fibrotic lesions or thickening of the 

mesothelium occurs through the deposition and accumulation of extracellular matrix 

proteins. While mesothelial cells contribute to the production of extracellular matrix protein, 

myofibroblasts are the cells most responsible for the increase in fibronectin, collagen, and 

glycosaminoglycans. Additionally, PDGF and transforming growth factor (TGF)-β signaling 

mediates production of the extracellular matrix proteins in these cells (114, 123, 126).  

 PDGF is a glycoprotein composed of two dimeric chains of either PDGF-A and/or 

PDGF-B to form PDGF-AA, PDGF-BB, or PDGF-AB. Additionally, there are also PDGF-C 

and PDGF-D isoforms, which do not form heterodimers, who contribute to the pathogenesis 

of fibrosis but whose functions are not well understood. There are two receptors that the 

PDGF family can bind to, PDGF-Rα and PDGF-Rβ. The PDGF-AA dimer has been shown 
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to primarily bind to PDGF-Rα while the PDGF-B isoforms, PDGF-AB and PDGF-BB, can 

bind to and dimerize both receptors. Levels of PDGF-Rs are also increased during fibrosis to 

promote PDGF signaling. PDGF then acts alone or through a TGF-β-depending mechanism 

to increase expression of extracellular matrix proteins (127). Interestingly, the PDGF-B 

isoform is considered to be a more potent chemoattractant than PDGF-A and is also the most 

abundant isoform expressed in macrophages and mesothelial cells (123, 128, 129). 

Furthermore, individuals with idiopathic pulmonary fibrosis (IPF) have been shown to have 

increased expression of PDGF-B (127, 130).  

 

5. CCL2 Signaling in Allergic Airway Remodeling and Pleural Inflammation 

 Monocyte chemoattractant protein-1 (MCP-1/CCL2) belongs to the C-C chemokine 

family and exhibits chemoattractant properties for a wide range of immune cells that include 

monocytes, macrophages, T cells, NK cells, basophils, dendritic cells, and mast cells. 

Furthermore, a variety of cells such as fibroblasts, mesothelial, epithelial, smooth muscle, 

and endothelial cells produce CCL2 in response to injury and inflammation (131). Mediators 

that induce CCL2 in these cells include but are not limited to PDGF, IFN-γ, vascular 

endothelial growth factor (VEGF), IL-1, IL-4, and lipopolysaccharide (LPS) (132). CCL2 

binds with high affinity to the CCR2 receptor to mediate its effect. CCR2 is a seven 

transmembrane G-protein couple receptor that has two isoforms, CCR2A and CCR2B. The 

two isoforms of CCR2 are expressed on different cells types that have distinctive cell 

signaling pathways (133). Both CCL2 and CCR2 have been found to play a role in the 
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pathogenesis of various inflammatory disorders. Moreover, they both are implicated in 

mediating the development of pulmonary diseases such as asthma and fibrosis (131, 134). 

 In asthmatic patients, levels of CCL2 are elevated in the bronchoalveolar lavage fluid 

(BALF) and bronchial epithelium in comparison with individuals who do not have allergic 

inflammation (135-137). It has been suggested that CCL2 plays a part in regulating airway 

hyperreactivity (AHR) by recruiting eosinophils and macrophages into the airway and 

activating basophils and mast cells (138). In vitro, CCL2 has been shown to increase 

MUC5AC and MUC5B mucin expression in normal human bronchial epithelial cells 

possibly to contribute to mucus hypersecretion, a characteristic of asthma pathogenesis (139). 

Moreover, in vivo research has shown that CCL2 helps drive naïve T cells to differentiate 

into IL-4 producing Th2 cells suggesting that increased expression of CCL2 promotes Th2-

mediated allergic airway remodeling (140). Additionally, expression of CCL2 is increased in 

response to IL-13 in wild-type mice but prevented in IL-13 treated CCR2 knockout mice 

(CCR2-/-) along with airway fibrosis and mononuclear cell infiltration (141). Another study 

demonstrated that allergen exposed CCR2-/- mice had diminished AHR while allergic wild-

type mice had decreased histamine expression in response to a CCL2 neutralizing antibody 

(142).  

 While most of the research implies that an anti-CCL2 therapeutic would beneficial for 

the prevention of airway fibrosis in allergic airway inflammation, other studies report that 

blocking CCL2 signaling actually exacerbates another important aspect of the allergic Th2 

phenotype. Two other studies report that CCR2-/- mice are more susceptible to fungal 

infection and allergen-induced exacerbation of Th2-mediated allergic inflammation and 
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demonstrate increases in mucous cell hyperplasia and subepithelial fibrosis (143, 144). It is 

therefore important to elucidate the exact effects and mechanisms in which CCL2 and CCR2 

have on regulating specific pathological aspects of allergic airway disease for the 

development of better therapeutic applications. 

 CCL2 is also an important pro-fibrotic mediator in the progression of interstitial and 

pleural fibrosis. Similar to asthma, individuals with idiopathic pulmonary fibrosis also have 

elevated levels of CCL2 in the bronchoalveolar lavage fluid and lung tissue (145). The 

mechanism of increased collagen deposition comes from CCL2 stimulating TGF-β in 

fibroblasts to induce collagen production in an autocrine manner (131, 146). Additionally, 

CCL2 signaling was also studied in bleomycin-induced pulmonary fibrosis in vivo with 

CCR2-/- mice and with mice treated with an anti-CCL2 monoclonal antibody. It as 

demonstrate that CCR2 deficiency, in response to bleomycin, displays significantly less 

interstitial fibrosis, as did treating bleomycin-induced fibrosis with a neutralizing CCL2 

antibody (147-149). While this research has provided important information regarding the 

development of interstitial fibrosis, not much is known about the mechanisms that regulate 

pleural fibrosis. Therefore, asbestos, a known inducer of pleural disease, has been studied in 

vivo and in vitro in order to determine if CCL2 is increased in response to exposure. Indeed, 

pleural lavage fluid from rats exposed to asbestos show an increase in CCL2 expression. 

Moreover, the same study analyzed mesothelial cells in vitro and determined that they were 

the cells at least partially involved in CCL2 expression. These findings suggest that elevated 

levels of the pro-fibrotic mediator, CCL2, in mesothelial cells could contribute to the 
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pathogenesis of pleural fibrosis seen in response to asbestos exposure (150, 151). Further 

analysis of the pathways that regulate pleural fibrosis needs to be determined.  
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RESEARCH HYPOTHESIS 

 The recent development of nanotechnology had led to the production of newly 

designed engineered nanomaterials (ENMs) that are attractive for use in industrial, 

biomedical, and consumer applications due to their novel physical and chemical properties. 

However, the unique features that ENMs possess also have the potential to alter the 

material’s chemical and biological reactivity. Therefore, it is important to determine the 

effects of ENMs using rodents in vivo and cell cultures in vitro studies to predict adverse 

human health effects following exposure (4). Moreover, metal-based ENMs, such as nickel 

nanoparticles (NiNPs), represent a greater risk to human health since their bulk metal 

counterparts are more likely to induce fibrogenic and carcinogenic diseases (2). Previous 

work performed within our laboratory showed that multiwalled carbon nanotubes 

(MWCNT), manufactured with a NiNP catalyst, exacerbated airway fibrosis and 

inflammation in allergen-challenged mice (40). Therefore, it is likely that residual nickel in 

the MWCNTs contributed to the increase in airway remodeling previously observed. We first 

hypothesized that NiNP-induced lung injury and remodeling would be enhanced in T-bet-

deficient mice that display spontaneous allergic lung inflammation (89). Additionally, we 

also previously showed that inhalation exposure of MWCNTs containing residual nickel 

induced subpleural fibrotic lesions and pleural inflammation (17). Larger, micron-sized 

nickel particles have been shown to induce occupational asthma, as well as interstitial and 

pleural fibrosis, mesothelioma, and lung cancer upon inhalation (36, 37, 152, 153). However, 

NiNPs have a great surface area per unit mass that makes them more reactive than their bulk 

counterparts (1). Other investigators have demonstrated that NiNPs induce more severe 
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pulmonary inflammation and injury by generating more free radical activity, therefore 

supporting the hypothesis that when a particle size decreases, pulmonary toxicity increases 

(2, 38, 39). Based on what is known about nickel-induced pleural fibrosis and the increased 

toxicity of nanoparticles, we sought to evaluate the potential cellular mechanisms that could 

regulate NiNP-induced injury by analyzing their effects in rat pleural mesothelial cells in 

vitro. We postulated that NiNPs would induce pleural inflammation and fibrosis by 

enhancing the platelet-derived growth factor (PDGF) signaling in mesothelial cells that 

would in turn lead to elevated levels of pro-inflammatory chemokines.   
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Abstract 

Engineered nanomaterials (ENMs), including metal nanoparticles, are increasingly being 

used in many applications in the electronic, engineering and biomedical fields. The human 

health risks that ENMs pose from environmental and occupational exposure is of growing 

concern, especially in susceptible populations such as asthmatics. The T-box transcription 

factor Tbx21 (T-bet) maintains Th1 cell development in the lung. However, loss of T-bet has 

been associated with the development of allergic airway inflammation and remodeling. In 

this study, we hypothesize that T-bet-deficient (T-bet-/-) mice are susceptible to lung injury 

caused by nickel nanoparticles (NiNPs). Wild-type (WT) and T-bet-/- mice were exposed to 

NiNP (4 mg/kg) by oropharyngeal aspiration (OPA). The bronchoalveolar lavage fluid 

(BALF) was collected to measure differential cell counts and cytokines, IL-13 and CCL2. 

The left lung tissue was collected at 1 or 21 days for histopathologic analysis. Right lung 

mRNA was analyzed for expression of cytokines or mucins, MUC5AC and MUC5B. 

Quantitative morphometry on alcian-blue/periodic acid Schiff (AB/PAS)-stained lung tissue 

showed that NiNP exposure caused a marginal increase in mucous cell metaplasia in WT 

mice at 1 or 21 day post-exposure. However, a significant (p<0.001) increase was seen in 

mucous cell metaplasia in response to NiNP in T-bet-/- mice at 21 days as well as a 

significant (p<0.05) increase in MUC5AC and MUC5B mRNAs. Interstitial pneumonitis 

caused by NiNP exposure was significantly increased in T-bet-/- mice as determined by 

quantitative morphometry of trichrome-stained lung tissue. IL-13 protein levels and 

eosinophilic infiltration were elevated (p<0.001) after 1 day in the BALF while CCL2 protein 

levels were significantly increased at both 1 and 21 days (p<0.001 and p<0.05, respectively). 
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Treatment of T-bet-/- mice with a monoclonal anti-CCL2 antibody marginally reduced NiNP-

induced interstitial pneumonitis and yet significantly enhanced NiNP-induced mucous cell 

metaplasia and MUC5AC mRNA levels (p<0.05). These findings identify T-bet as a 

potentially important gene for regulating lung injury induced by NiNP exposure and suggest 

that individuals with pre-existing allergic airway disease are at a higher risk for 

environmental and occupational exposures to nanomaterials. 
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Introduction 

Asthma is a chronic inflammatory disease of the airways that currently affects more than 25 

million people in the United States and 300 million people worldwide (1). It is characterized 

by periods of acute bronchoconstriction defined by airway hyperresponsiveness, mucus 

hypersecretion, and airway remodeling that involves eosinophilic inflammation, subepithelial 

collagen deposition, mucous cell metaplasia, and airway smooth muscle cell hypertrophy and 

hyperplasia (2). Exposure to allergens, viral infections, and environmental and occupational 

irritants, such as particulate matter, often trigger asthma exacerbations that lead to airflow 

obstruction through exaggerated inflammation and increased mucus production (3). Ultrafine 

particulate matter <100nm (i.e., nanoparticles) are of most concern in the exacerbation of 

asthma as they can reach more distal areas of the lung (4).  

 

Environmental, occupational, and genetic factors are thought to act together to initiate 

allergen-mediated airway inflammation through T cell activation (5). Early studies found 

increased numbers of T helper 2 (Th2) cells in the airways of asthmatics and defined them as 

the key players in regulating allergic lung inflammation. In turn, Th2 cells secrete elevated 

levels of the cytokines IL-4, IL-5, and IL-13 through the transcription factor GATA-3 that 

initiates and maintains the inflammatory response (6, 7). The T-box transcription factor 

TBX21 (T-bet), maintains Th1 cell differentiation in the lung and regulates the production of 

IFN-γ while inhibiting the development of Th2 cells (8-10). Mice with a targeted deletion of 

T-bet (T-bet-/-) have decreased amounts of IFN-γ and overproduce Th2 cytokines (8). The 

lungs of T-bet-/- mice display spontaneous airway remodeling, subepithelial collagen 
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deposition, and IL-13 mediated AHR and eosinophil infiltration similar to an asthma-like 

phenotype (9). Interestingly, the airways of asthmatics have been shown to have significantly 

less T-bet expression when compared to nonasthmatic lungs suggesting that T-bet-/- mice 

would be a useful Th2-mediated model of asthma (10).  

 

The rapidly growing nanotechnology industry has led to the manufacture of a variety of 

engineered nanomaterials (ENMs), new materials that possess novel physical and chemical 

properties. The characteristics that define ENMs include their nano-size dimensions (any one 

dimension <100nm), highly uniform and conformal shape, and large surface area. These 

unique properties make ENMs superior in many ways to bulk material of the same elemental 

composition, and have increased their popularity and usage in a variety of different 

industrial, biomedical, and consumer applications (11). However, these unique chemical and 

physical properties also mean that ENMs may interact with biological systems in ways that 

differ from that of larger products composed of the same material (4). This, combined with 

the power to manipulate or functionalize ENMs to fit the application of use, prevents the 

ability to accurately predict the effects that ENMs will have on human health and the 

environment (11).  

 

The respiratory tract is of particular interest in evaluating the effects of ENMs since 

inhalation is considered the primary route of entry, especially during occupational exposures 

(12). Inhalation of larger micron-sized nickel (Ni) particles are known to cause injury to the 

lungs, such as pulmonary fibrosis and lung cancer, from reactive oxygen species (ROS) 
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generation and hypoxia-inducible gene activation (13, 14). However, ENMs composed of 

metals or those that contain metal impurities from residue metal catalysts are considered 

more hazardous since they have the potential to produce even higher levels of ROS due to 

increased surface area (4). Our lab has recently demonstrated that nickel nanoparticles 

(NiNPs) activate and prolong mitogen-activated protein kinases (MAPK) and hypoxia-

inducible genes, such as hypoxia-inducible factor (HIF)-1α, through a ROS-dependent 

mechanism (15). These findings were supported by previous work showing that NiNP and 

Ni-based nanoparticles were more toxic than micron-sized Ni particles because of their 

ability to activate and stabilize HIF-1α transcription (16). Moreover, there is evidence that 

NiNP compounds further increased pulmonary inflammation and toxicity in the lungs of 

rodents when directly compared to Ni particle counterparts (17-19).  

 

We have previously reported that multi-walled carbon nanotubes manufactured with a NiNP 

catalyst increased airway fibrosis in mice with pre-existing allergic lung inflammation, 

suggesting that ENMs pose as a potential health risk for susceptible individuals with asthma 

(20). Therefore, we analyzed the effects of NiNPs on the exacerbation of allergic lung 

inflammation in T-bet-/- mice, a genetically modified mouse model of Th2-mediated asthma. 

We found that NiNPs increased mucous cell metaplasia in T-bet-/- mice 21 days after initial 

exposure but not in wild-type (WT) mice. Additionally, mediators of mucus regulation, IL-13 

and CCL2, as well as eosinophil infiltration, were increased in T-bet-/- mice in response to 

NiNP. Interestingly, interstitial pneumonitis, a hallmark response of occupational nickel 

exposure, was enhanced in T-bet-/- mice. Our findings suggest that individuals with T-bet 
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deficiency are more susceptible to asthma exacerbations or occupational pneumonitis from 

NiNP exposure. 
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Materials & Methods 

Animals 

Pathogen-free adult male wild-type (WT) or T-bet-/- C57BL/6 mice were obtained from 

Taconic Farms, Inc. (Germantown, NY) at 6 to 11 weeks of age or The Jackson Laboratory 

(Bar Harbor, ME) at 8 weeks. Mice were housed in a temperature and humidity controlled 

facility and given food and water ad libitum. All procedures involving animal use were 

approved by the Institutional Animal Care and Use Committee (IACUC) at North Carolina 

State University.  

 

Nickel Nanoparticles (NiNPs) 

Nickel nanoparticles (NiNPs) were purchased from Sun Innovations (Fremont, CA). They 

are characterized as spherical in shape with a ~20nm diameter, having a specific surface area 

of 40-60 m2/g, a metal purity of 99.9%, and insoluble in water. Size and shape have 

previously been verified by our lab by measuring digitized TEM images with Adobe 

Photoshop and determining pixel length of >100 NiNPs (15). Furthermore, the oxidation 

state of these NiNPs are oxidation state (0) zero as characterized by Choquette, et al. (21). 

Prior to exposure, NiNPs were suspended in a sterile, 0.1% pluronic F-68 (Sigma) in 

phosphate buffer solution and dispersed for two hours using a bath sonicator at room 

temperature. 
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Experimental Design 

WT and T-bet-/- mice (n=49, Taconic Farms, Inc.) were exposed to NiNPs at 4 mg/kg or 

0.1% Pluronic (Sigma Aldrich, St. Louis, MO) surfactant solution by oropharyngeal 

aspiration under an isoflurane anesthetic, as previously described (22). On day 1 or day 21 

after initial NiNP exposure, mice were euthanized via intraperitoneal injection of Fatal Plus 

(Vortech Pharmaceuticals, Dearborn, MI). Lungs were lavaged with Dulbecco’s phosphate-

buffered saline (DPBS) and bronchoalveolar lavage fluids (BALF) were collected for ELISA 

and cell differentials. The middle and caudal lobes of the right lung, as well as the heart, 

spleen, and a section of the liver, were stored in RNAlater®, according to the manufacturer’s 

instructions (Ambion, Austin, TX), and used for TaqMan® quantitative real-time RT-PCR 

analysis. The cranial lobe of the right lung was flash frozen in liquid nitrogen and stored at 

−80°C for collagen determination and protein evaluation. The left lung was infused with 10% 

neutral buffered formalin, fixed for 24 hours, transferred to 70% ethanol, and embedded in 

paraffin. Three cross-sectional sections of tissue were cut and processed for histopathology 

with a Masson’s trichrome, hematoxylin & eosin (H&E), or Alcian blue/periodic acid-Schiff 

(AB/PAS) stain.  

 

Monoclonal Antibody Administration 

A second group of WT and T-bet-/- mice (n=20, The Jackson Laboratory) were treated with 

either a rat IgG2B Isotype Control antibody (MAB0061, n=7, R&D Systems, Minneapolis, 

MN) or mouse anti-CCL2 mAb (MAB479, n=8, R&D Systems) by intraperitoneal (i.p.) 

injection before and after being exposed to 0.1% pluronic solution of NiNPs as described 
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above. Mice received either IgG2B (25µg) or anti-CCL2 (25µg) mAb by i.p. injection on 

days 4, 8, 12, 16, 20, 23, 28, and 32. They were exposed to either the pluronic solution or 

NiNPs on day 14 and euthanized via intraperitoneal injection of Fatal Plus 21 days after 

NiNP exposure on day 35. Samples were collected as described in the Experimental Design. 

Mice used in the antibody study were from The Jackson Laboratory (Bar Harbor, ME).   

 

Bronchoalveolar Lavage and Cytology 

Lungs were serially lavaged three times with 0.5 mL of DPBS and combined. An aliquot 

from each sample was immediately used to analyze differential cell count while the 

remaining sample was stored at −80°C. A Thermo Scientific Cytospin® 4 Cytocentrifuge 

(Thermo Fisher Scientific, Waltham, MA) was used to plate cells from the BALF of each 

animal onto glass slides. Samples were then fixed and stained with the Diff-Quik® Stain Set 

(Dade Behring Inc, Newark, DE). Differential cell counts were performed on at least 500 

cells per sample and represented as the mean ± SEM per exposure group. 

 

Semi-Quantitative Morphometric Analysis 

Mucous Cell Metaplasia: Airway mucin production was analyzed using a previously 

established protocol (23). Photomicrographs of AB/PAS stained lung sections were measured 

and quantified using ImageJ version 1.44o (National Institutes of Health). Cells that were 

positively stained for AB/PAS were identified by the deconvolution module using a threshold 

method and then calibrated for measurement in microns. Data was expressed as the 
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percentage of epithelial area positively stained for AB/PAS divided by the total epithelial 

area (%PAS+/Total Area). 

Whole Lung Inflammation: Photomicrographs of sections of the lung stained with H&E were 

evaluated for inflammation based on the number of inflammatory cells (polymorphonuclear 

cells and alveolar macrophages) that were present and the thickness of the airway epithelium. 

Images were scored by three independent observers using the following scale: 1 – normal 

lung tissue, 2 – minimal change, 3 – mild change, 4 – moderate change, and 5 – marked 

change. Data was presented as the mean value ± SEM of the inflammation score of 5-7 

animals for each dose group. 

Airway Collagen Deposition: Thickness of collagen surrounding airway bronchioles was 

quantified using Adobe Photoshop CS5 (Adobe Systems, Inc., San Jose, CA) according to a 

previously published procedure (24). Photomicrographs of trichrome-stained sections were 

captured using the 10x objective on an Olympus BX41 microscope (Olympus America, Inc., 

Canter Valley, PA) and digitized. Airway collagen area was measured and corrected for 

length of basement membrane (area/perimeter ratio) using the lasso tool in Adobe Photoshop 

as described (25). At least three airways per animal were analyzed in a blinded, random 

manner and expressed as the mean ± SEM of 5-7 animals per treatment group per time point. 

Interstitial Pneumonitis: Photomicrographs of sections of lung stained with trichrome were 

qualitatively scored based on the number and size of interstitial fibroproliferative lesions. 

Images of interstitial lesions were scored in a blinded manner by three independent observers 

using the same scale described for whole lung inflammation above. Data was presented as 

the mean value ± SEM of the interstitial lesion score of 5-7 animals for each dose group. 
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ELISA 

Quantikine ELISA kits (R&D Systems) were used to assay protein levels of IL-13 or CCL2 

in BALF. Samples were assayed according to kit instructions and absorbance values were 

measured by the Multiskan FC microplate spectrophotometer microplate reader (Thermo 

Fisher Scientific). 

 

Taqman Quantitative Real-Time RT-PCR 

One-step, TaqMan® quantitative real time RT-PCR (qRT-PCR) was performed to quantify 

gene expression of our target genes in lung tissue 1 and 21 days after NiNP exposure. Total 

RNA was extracted and purified from the right cranial and caudal lobes of each lung using an 

RNeasy™ Fibrous Tissue Mini Kit (Qiagen, Valencia, CA). RNA concentrations were 

determined by the Nanodrop®1000 spectrophotometer and samples were normalized to a 

final concentration of 25 ng/µl. qRT-PCR was performed using reagents from the 

SuperScript® III Platinum® One-Step qRT-PCR Kit (Invitrogen, Grand Island, NY) on the 

StepOne® Plus instrument (Applied Biosystems, Foster City, CA). A comparative CT 

method was used to quantify target gene expression for Mucin 5AC (MUC5AC, 

Mm01276718_m1), Mucin 5B (MUC5B, Mm00466391_m1), CCL2/MCP-1 

(Mm00441242_m1), IL-13 (Mm00434204_m1), and col1a2 (Mm00483888_m1), normalized 

against the endogenous control β-2 Microglobulin (B2M, Mm00437762_m1) and measured 

relative to the vehicle-treated control groups. Each individual sample was analyzed in 

duplicate while the StepOne® Plus software calculated relative quantitation values that were 

expressed as fold-change over controls. 
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Sircol Assay for Soluble Collagen 

Tissue from the right cranial lobe of each mouse lung were weighed between 10-50 mg, 

suspended in 1 mL of DPBS, and homogenized for 60 seconds with a Tissuemiser® 

homogenizer (Thermo Fisher Scientific). Soluble collagen was then measured following the 

Sircol® Soluble Collagen Assay kit (Biocolor Ltd., Carrickfergus, UK) protocol as 

previously described (20). Additionally, total protein was analyzed, prior to collagen 

extraction, using a BCA Protein Assay kit (Thermo Fisher Scientific). Data were expressed 

as µg of soluble collagen per mg of total protein. 

 

Statistics 

All graphs were constructed and statistical analysis was performed using GraphPad Prism 

software version 5.00 (GraphPad Software, Inc., San Diego, CA). Data are the expressed as 

mean values ± SEM of 5-6 (Control) or 6-7 (NiNP) animals per genotype. Samples were 

assayed in duplicate for quantitative real-time RT-PCR, triplicate for ELISA, or as 

mentioned. Groups were compared with one-way ANOVA with a post hoc Tukey, unpaired, 

two-tailed Student’s t-test, or two-way ANOVA with a Bonferroni test. A value of p ≤ 0.05 

was considered significant.  
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Results 

Mucous cell metaplasia is amplified in T-bet deficient mice after NiNP exposure 

Wild-type (WT) and T-bet knockout (T-bet-/-) mice were exposed to nickel nanoparticles 

(NiNPs) by oropharyngeal aspiration (OPA) and lung tissue was harvested 1 day or 21 days 

after initial exposure. The effect of NiNPs on mucous cell metaplasia was evaluated first 

using semi-quantitative scoring of AB/PAS-stained lung sections as described in Materials & 

Methods (%PAS+/Total Area) to identify the relative area of airway epithelium represented 

by mucin-producing goblet cells. Data from these measurements showed that NiNP exposure 

increased mucous cell metaplasia in WT or T-bet-/- mice at 1 day, although this increase was 

not significant compared to controls or between genotypes (Fig. 1A). After 21 days, NiNPs 

caused a robust and highly significant increase in mucous cell metaplasia in T-bet-/- mice, 

while WT mice exposed to NiNPs showed only a slight increase in mucous cell metaplasia 

that was not statistically significant (Fig. 1A). Photomicrographs of AB/PAS-stained lung 

sections portraying representative airways at 21 days post exposure showed relatively few 

numbers of goblet cells in response to NiNPs in WT mice (Fig. 1B). However, in T-bet-/- 

mice goblet cell numbers dramatically increased after NiNP exposure and the airway 

epithelium displayed severe mucous cell metaplasia (Fig. 1B). Higher magnification of the 

airways revealed alveolar macrophages containing NiNPs in close proximity to goblet cells 

in both genotypes (Fig. 1C). 
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MUC5AC and MUC5B mRNA levels are increased in T-bet-/- mice in response to NiNP 

exposure 

Since mucous cell metaplasia was increased in T-bet-/- mice in response to NiNPs, we 

measured MUC5AC and MUC5B mRNA expression levels in whole lung tissue. Levels of 

MUC5AC mRNA were increased in the lungs of T-bet-/- mice one day after NiNP exposure, 

albeit not to a significant extent. However, MUC5AC mRNA levels were significantly 

increased in T-bet-/- mice at 21 days after NiNP exposure compared to NiNP-treated WT 

mice (Fig. 2A). MUC5B mRNA in whole lung tissue was significantly increased at 1 day and 

21 days post NiNP exposure in T-bet-/- mice compared to NiNP-treated WT mice (Fig. 2B). 

NiNPs did not have a significant effect on MUC5AC or MUC5B mRNA expression in WT 

mice at either time point. The qRT-PCR results shown here support the semi-quantitative 

analysis of mucous cell metaplasia in T-bet-/- mice exposed to NiNPs (Fig. 1).  

 

T-bet-/- mice display spontaneous eosinophilia that is enhanced by NiNPs  

At 1 and 21 days, eosinophils were spontaneously increased in the BALF of all T-bet-/- mice 

compared to WT mice (Fig. 3A). Furthermore, NiNP exposure caused an exaggerated and 

transient increase in eosinophils in T-bet-/- mice 1 day after treatment. Lymphocyte counts 

were also slightly higher in T-bet-/- mice at 1 day and significantly increased in response to 

NiNP exposure by 21 days (Fig. 3B). However, the overall number of lymphocytes remained 

low in both WT and T-bet-/- mice in comparison to other inflammatory cell types in the 

BALF. NiNP exposure stimulated relatively high numbers of neutrophils after 1 day in both 

WT and T-bet-/- mice. Numbers of neutrophils decreased by 21 days but still remained 
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significant in NiNP treated WT and T-bet-/- mice (Fig. 3C). Conversely, NiNP exposure 

decreased the relative number of macrophages similarly in WT and T-bet-/- mice (Fig. 3D). 

Representative photomicrographs images of each inflammatory cell type taken from Diff-

Quik®-stained cytospins of BALF collected from WT and T-bet-/- mice at 21 days showed 

that macrophages and neutrophils contained NiNPs, whereas no NiNPs were found in 

lymphocytes or eosinophils (Fig. 3E).  

 

Inflammation is elevated in the lungs of WT and T-bet-/- mice exposed to NiNPs 

In addition to mucous cell metaplasia, inflammation of the lungs of WT and T-bet-/- mice 

were evaluated by semi-quantitative scoring of H&E-stained lung sections. Inflammatory 

scores revealed a significant increase in both genotypes following NiNP exposure at 1 and 21 

days post exposure when compared to their respective controls (Fig. 4A). At 1 day, 

histopathology showed infiltration of inflammatory cells and thickening of alveolar walls and 

alveolar duct bifurcations (ADB) in response to NiNPs in WT and T-bet-/- mice (Fig. 4B). 

Additionally, these structural changes were also seen at the 21 day time point in NiNP treated 

mice (data not shown). Upon further evaluation, higher magnification revealed deposition of 

NiNPs at ADB as well as NiNPs contained within alveolar macrophages (Fig. 4C).  

 

Airway fibrosis is increased similarly in WT and T-bet-/- mice exposed to NiNPs, yet 

interstitial pneumonitis is exaggerated in T-bet-/- mice 

Airway fibrosis, another characteristic associated with the pathogenesis of allergic asthma, 

was measured at 21 days after NiNP exposure by performing a semi-quantitated 
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morphometric analysis using Adobe Photoshop (Fig. 5A). NiNP exposure significantly 

increased airway collagen deposition in both WT and T-bet-/- mice when compared to their 

respective controls (Fig. 5A and Fig. 5B). Both WT and T-bet-/- mice displayed interstitial 

lesions containing inflammatory cells and extracellular matrix components (i.e., interstitial 

pneumonitis) that typically surrounded NiNP agglomerates.  However, the number and size 

of interstitial lesions, collectively termed ‘interstitial lesion score’, were significantly 

increased in T-bet-/- mice compared to WT after NiNP exposure at 21 days (Fig. 5C). The 

representative images from trichrome-stained lung sections shown in Fig. 5D depict the 

differences in fibrotic lesions seen between WT mice and T-bet-/- mice. Mice that received an 

OPA dose of 0.1% pluronic solution did not display any interstitial lesions and were scored 

as a “1”. NiNP exposure did not cause a significant increase in whole lung col1a2 mRNA 

expression measured by Taqman® quantitative RT-PCR or whole lung soluble collagen 

protein measured by Sircol® Assay in T-bet-/- or WT mice compared to saline controls (see 

the online supplement Fig. 6).  

 

NiNP-induced CCL2 mRNA and protein expression is enhanced in T-bet-deficient mice 

We measured CCL2 expression since it has been implicated in mucin expression as well as 

lung inflammation and fibrogenesis. CCL2 mRNA expression in whole lung tissue measured 

by qRT-PCR was slightly increased by NiNP exposure after 1 day in WT mice. However, a 

significant increase in NiNP-induced CCL2 mRNA levels was observed in T-bet-/- mice 

compared to WT mice (Fig. 7A). By 21 days, overall CCL2 mRNA levels had decreased but 

were still significant in both genotypes as compared to their time-matched controls (Fig 7A). 
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CCL2 protein levels measured in BALF mirrored that of CCL2 mRNA expression at 1 day 

post-exposure as T-bet-/- mice had significantly more CCL2 protein than WT mice exposed to 

NiNPs (Fig. 7B). By 21 days, the amount of CCL2 protein dramatically increased (~10-fold) 

in both WT and T-bet-/- mice in response to NiNPs compared to the amount of protein that 

was expressed in the BALF at 1 day (Fig. 7B). Furthermore, CCL2 protein levels at 21 days 

were significantly enhanced in T-bet-/- mice compared to WT mice, suggesting that the 

presence of T-bet not only inhibits mucous cell metaplasia but CCL2 mRNA and protein as 

well. Additionally, IL-13 levels, a well-known regulator of mucous cell metaplasia and 

inflammation in Th2-mediated asthma, were measured in whole lung tissue and BALF for 

mRNA and protein expression, respectively (see online supplement Fig. 8). IL-13 mRNA 

was increased in response to NiNPs at 1 day post exposure in both WT and T-bet-/- mice (Fig. 

8A). However, only IL-13 protein was increased in T-bet-/- mice after NiNP exposure at 1 day 

(Fig. 8B). 

 

Anti-CCL2 antibody treatment enhances NiNP-induced mucous cell metaplasia in T-bet-/- 

mice, but has no significant effect on NiNP-induced interstitial pneunomitis  

The role of CCL2 in mediating NiNP-induced mucous cell metaplasia and interstitial 

pneumonitis was analyzed by blocking CCL2 activity using a monoclonal antibody. This 

experiment was performed with T-bet-/- mice that were treated with sequential i.p. injections 

of either an IgG2B isotype control mAb or anti-CCL2 monoclonal neutralizing (mAb) prior 

to and after exposure to a single dose of NiNPs by oropharyngeal aspiration. Necropsy was 

performed only at 21 days after NiNP exposure. Lung sections were stained with AB/PAS to 
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quantified mucous cell metaplasia using the ImageJ method as previously described above. 

Surprisingly, T-bet-/- mice treated with an anti-CCL2 mAb had exaggerated NiNP-induced 

mucous cell metaplasia (Fig. 9A). Anti-CCL2 mAb treatment also increased NiNP-induced 

MUC5AC and MUC5B mRNA levels in T-bet-/- mice (Fig. 9A and Fig. 9B). Additionally, at 

21 days interstitial pneumonitis was analyzed since there was a significant difference 

between genotypes exposed to NiNPs (Fig. 5C and Fig. 5D). Although not significant, T-bet-

/- mice exposed to NiNPs and treated with anti-CCL2 mAb caused a slight reduction in the 

interstitial lesion score in compared to T-bet-/- mice treated with the IgG2B Isotype Control 

mAb (Fig. 9D). Conversely, soluble collagen measured by the Sircol Assay was not different 

between isotype and anti-CCL2 mAb treatments (Fig. 9E). A small group of WT mice were 

exposed to either a 0.1% pluronic solution (n=2) or NiNPs (n=3) without any mAb 

treatments in order to act as a repeat of the initial in vivo experiment. All data analyzed with 

this group was reproducible and matched the previous results (data not shown).  

 

 

 

 

 

 

 

 

 



 

45 

Discussion 

Engineered nanoparticles, including metal catalysts, are increasingly being used for industrial 

purposes and therefore pose a risk to human health. Similar to micron-sized nickel particles, 

the major route of exposure for NiNPs is through inhalation exposure, which can either occur 

in an occupational setting or through exposure to industrial by-products released into the 

environment (13, 26, 27). Therefore, individuals with pre-existing allergic lung disease or 

individuals that have deficiencies in specific genes, which serve to suppress allergic 

sensitization, would presumably be at greater risk. In this study, we investigated the effect of 

nickel nanoparticles (NiNPs) in mice lacking the transcription factor T-bet, which 

spontaneously develop allergic airway inflammation (8-10). We found that T-bet-/- mice 

exposed to NiNPs had exaggerated airway mucous cell metaplasia, higher levels of mucin 

gene mRNAs, and increased levels of IL-13 and CCL2, two cytokines implicated in asthma. 

Moreover, NiNPs caused more severe interstitial pulmonary pneumonitis in T-bet-/- mice as 

compared to wild-type mice. These findings indicate that T-bet is an important regulator of 

NiNP-induced lung injury and exacerbation of allergic airway disease. 

 

Asthma is a complex, heterogeneous disease of the airways that is influenced by a 

combination of genetic and environmental factors (28). In order to better understand the 

pathogenesis of the disease, in vivo animal models have been developed to mimic the chronic 

inflammation, persistent airway hyperresponsiveness, and reversible airflow obstruction 

associated with the development of asthma in humans (29). Currently, the most common 

model of allergic asthma is to induce airway remodeling in mice through allergen 
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sensitization and challenge. Ovalbumin, house dust mite, and cockroach allergens are used to 

produce a Th2-mediated phenotype that elevates IgE levels, increases airway inflammation 

and hyperreactivity along with mucous cell hyperplasia/metaplasia, subepithelial fibrosis, 

and eosinophil infiltration (30). While these studies have provided much information on the 

mechanisms of the disease in response to allergen exposure, there are still knowledge gaps 

regarding the genes that regulate the pathogenesis of asthma (28). Although there is “no 

single gene for asthma” it is important to determine the role that individual genes have with 

regard to the pathogenesis of the disease or exacerbation of disease by environmental factors 

such as NiNPs in order to develop effective therapeutic approaches and determine potential 

risk factors for exposure (31).  

 

T-bet-deficient (T-bet-/-) mice spontaneously exhibit physiologic and histopathologic 

characteristics resembling the pathophysiology seen in a human asthmatic lung without the 

need for allergen sensitization and challenge (9, 32). The absence of T-bet allows naïve Th 

cells to differentiate into Th2 cells due to the lack of IFN-γ expression that is produced by 

CD4+ cells when T-bet is present (8). While Th2 cells are not the only subset of Th cells that 

mediate allergic lung inflammation, they still contribute to roughly 50% of the mechanisms 

regulating chronic airway remodeling in the asthmatic population (5, 33). Interestingly, 

multiple studies have shown that T-bet polymorphisms are associated with clinical asthma 

phenotypes, the severity of AHR, and altered responses to inhaled corticosteroids (32, 34, 

35). Given this information, it would be beneficial to utilize T-bet-/- mice to better understand 

the mechanisms behind the exacerbation of asthma. While a few researchers have taken 
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advantage of this mouse model to further study the effects bacteria and viruses have on 

disease progression (36, 37), to our knowledge no studies have been performed using T-bet-/- 

mice to analyze the effects of engineered nanoparticles on exacerbation of airway 

remodeling. 

 

Mucus hypersecretion significantly contributes to airflow obstruction during asthma 

exacerbations that leads to increased rates of morbidity and mortality. It is the major cause 

behind fatal asthma by occluding roughly 98% of the airways (38, 39). For that reason, it is 

important to understand how mucous cell metaplasia and mucin regulation is affected in 

response to NiNP exposure. Mucin granules, detected in goblet cells by an AB/PAS stain, 

were slightly increased in the airways of T-bet-/- mice 1 day after initial NiNP exposure (Fig. 

1). However, examination of epithelial cells by 21 days showed that NiNPs dramatically 

increased mucous cell metaplasia in T-bet-/- mice but not WT mice. Additionally, we found 

that mucin mRNA expression for MUC5AC and MUC5B, the two more prominent mucins in 

the airway, correlated with the amount of mucin protein in T-bet-/- mice that were exposed to 

NiNPs 21 days post-exposure (Fig. 2). This suggested that the presence of T-bet inhibits 

NiNP-induced mucous cell metaplasia, thereby reducing mucin production that could lead to 

airway obstruction. Interestingly, ovalbumin (OVA)-sensitized transgenic mice 

overexpressing T-bet had significantly reduced goblet cell hyperplasia and mucus 

hypersecretion that is often increased in an OVA-induce mouse model of asthma (40). 

Furthermore, another study developed a T cell targeted, tetracycline-inducible T-bet 

transgenic mouse bred on a T-bet-/- background and sensitized them to OVA. Once T-bet was 
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induced by doxycycline, goblet cell hyperplasia, as well as AHR, eosinophil infiltration, and 

airway collagen deposition, was diminished (32). A third study revealed that OVA sensitized 

mice treated with an intranasal delivery of T-bet also attenuated goblet cell hyperplasia and 

eosinophilic inflammation (41). While we provided new information about NiNP 

exacerbating mucin expression in an asthma-like phenotype, our results also support previous 

studies where T-bet was found to be protective in terms of reducing mucous cell metaplasia. 

 

Exaggerated airway inflammation, in addition to mucus production, can also contribute to 

airflow obstruction during asthma exacerbations (3). Others have shown that micron-sized 

nickel, NiNPs, and their related compounds have the ability to cause pulmonary 

inflammation following exposure (19, 26, 42). Results from our study further support these 

findings as we have found that inflammation was increased in the lungs of mice exposed to 

NiNPs (Fig. 4). Our data showed that NiNP-induced inflammation caused infiltration of 

inflammatory cells as well as inflammation at airway bifurcations where NiNPs accumulated. 

However, there was not a qualitative difference in lung inflammation between NiNP-exposed 

WT and T-bet-/- mice as determined by pathology scoring of H&E stained lung sections. 

Interestingly, we did observe quantitative differences in inflammatory cell profiles from the 

BALFs between WT and T-bet-/- mice (Fig. 3). For example, control T-bet-/- mice had 

spontaneous eosinophil infiltration as well as an increased amount of lymphocytes as has 

been previously reported (9). In response to NiNP exposure, eosinophilic inflammation was 

further increased after both 1 and 21 days. Additionally, the amount of lymphocytes was also 

increased after 21 days after NiNP exposure. In contrast, WT mice displayed an 
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inflammatory response to NiNPs that was comprised primarily of neutrophils and 

macrophages. Although it was already known that T-bet deficiency causes lymphocytic and 

eosinophilic inflammation, we have shown that NiNP exposure exaggerates these responses. 

Moreover, we also observed that neutrophils were prominent in both genotypes in response 

to NiNPs. While eosinophils are typical in individuals with mild asthma, a mixed 

neutrophilic and eosinophilic response is indicative of a more severe asthma phenotype often 

associated with fatal asthma (3).  

 

In addition to the development of chronic inflammation in the lung, inhalation exposure to 

metallic nickel and nickel-based particles have also been shown to induce pulmonary fibrosis 

(13, 26, 43-45). In an OVA-induced mouse model of allergic lung inflammation, we have 

previously reported that multi-walled carbon nanotubes (MWCNT), manufactured with a 

NiNP catalyst exacerbated pre-existing airway fibrosis (20). In the present study, we 

hypothesized that NiNPs would exacerbate airway fibrosis in the T-bet-/- mouse model of 

asthma. However, while our results showed that NiNPs increased airway fibrosis, we did not 

observe a significant difference between WT and T-bet-/- mice (Fig. 5). Alternatively, a 

significant difference in interstitial pneumonitis was observed between the two genotypes in 

response to NiNPs. In the parenchyma of the lungs of T-bet-/- mice, NiNP exposure caused 

larger and more abundant interstitial lesions, indicating that the presence of T-bet inhibits the 

progression of these interstitial foci. Previous work has shown that T-bet-/- mice are 

susceptible to bleomycin-induced pulmonary fibrosis compared to WT mice (46). We did not 

observe significant increases in lung collagen protein levels using the Sircol Assay (Fig. 6). 



 

50 

Moreover, while the interstitial lesions we defined as ‘pneumonitis’ contained some 

trichrome-positive extracellular matrix, these lesions were primarily a mix of inflammatory 

cells and acellular components. Therefore, these interstitial lesions were most likely not 

interstitial fibrosis.  Also, while airway fibrosis is the type of fibrosis generally associated 

with asthma physiology, the development of interstitial pneumonitis from exposures such as 

NiNPs could further limit lung function in an already susceptible population (47).   

 

Monocyte chemoattractant protein-1 (MCP-1/CCL2) is an inflammatory chemokine that has 

been found to regulate the deposition of collagen, recruitment of immune cells to sites of 

inflammation, and induction of mucin expression in epithelial cells (48, 49). During 

pulmonary fibrosis CCL2 stimulates fibroblasts to deposit collagen through a TGF-β1-

dependent mechanism while during inflammation acts as a chemoattractant for a variety of 

immune cells including macrophages, mast cells, eosinophils, and T helper 2 cells (50, 51). 

Although elevated levels of CCL2 have been found in the BALF and bronchial tissue of 

individuals with allergic asthma, we did not see a spontaneous increase in either mRNA or 

protein levels in control T-bet-/- mice (Fig. 7) (52, 53). Additionally, two studies analyzing 

the effects of nickel oxide nanoparticles in vivo found increased amounts of CCL2 protein in 

the BALF of mice (42, 54). We found that NiNPs increased CCL2 mRNA and protein levels 

1 day after exposure in WT mice, which was further enhanced in T-bet-/- mice. By 21 days, 

both genotypes significantly expressed CCL2 mRNA and protein. However, NiNP exposure 

caused an exaggerated response of CCL2 protein expression in T-bet-/- mice compared to WT 

mice. 



 

51 

We hypothesized that NiNP-induced expression of CCL2 protein in the BALF of T-bet-/- 

mice could be responsible for the increase in inflammatory cell infiltration, mucous cell 

metaplasia, and interstitial lung lesions seen in T-bet-/- mice exposed to NiNPs. In order to 

test this hypothesis, T-bet-/- mice were treated with either anti-CCL2 mAb or an IgG2B 

Isotype Control mAb before and after NiNP exposure. Neutralization of CCL2 in allergen-

induced models of asthma has been shown to decrease AHR, inflammation, and macrophage 

infiltration (55, 56). In the present study however, we did not see a difference in NiNP-

induced lung inflammation or inflammatory cell infiltration in mice treated with anti-CCL2 

mAb (data not shown). Although CCL2 is neutralized, MCP-5 (CCL12) and MCP-3 (CCL7) 

could still act through the CCL2 receptor, CCR2, to attract macrophages and eosinophils and 

regulate inflammation (57, 58). CCR2-/- mice that have decreased amounts of CCL2 from 

anti-CCL2 gene therapy treatment are protective against bleomycin-induced pulmonary 

fibrosis (59, 60). While we did not observe significant interstitial fibrosis in T-bet-/- mice 

treated with NiNPs, we did observe interstitial pneumonitis and found that anti-CCL2 

treatment caused a slight decrease in these interstitial lung lesions. The most significant 

finding was that the anti-CCL2 neutralizing antibody delivered to T-bet-/- mice resulted in 

enhanced NiNP-induced mucous cell metaplasia as determined by quantitative morphometry 

of AB/PAS-positive stained epithelial cells (Fig. 9). In addition, the anti-CCL2 neutralizing 

mAb enhanced NiNP-induced MUC5AC and MUC5B mRNA expression in T-bet-/- mice. 

These findings are in agreement with previous studies which demonstrated that CCR2-/- mice 

have exacerbated Th2-mediated allergic airway responses to either OVA or Asperigillus 

fungal infection and demonstrate enhanced goblet cell hyperplasia (61, 62). Therefore, CCL2 
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signaling appears to be an important protective mechanism in suppressing mucous cell 

metaplasia to a variety of inhaled agents, including allergens and nanoparticles. 

 

While nickel is already a known allergen and carcinogen, it is still important to analyze their 

effects at the nanoscale. Currently, occupational exposure limits are based on mass only and 

do not take into account particle size (19). However, ENMs, such as NiNPs, have a higher 

surface reactivity and are more likely to reach distal areas of the lung (4). Our results support 

the hypothesis that NiNPs induce lung injury, such as mucous cell metaplasia, inflammation, 

and interstitial fibrosis, in a susceptible population with pre-existing allergic lung 

inflammation. Additionally, we found that the transcription factor T-bet is critical in 

protecting the lung from these injuries. In conclusion, results from our study suggest that 

asthmatic individuals deficient in T-bet could be at a great risk of exacerbation when exposed 

to ENMs such as NiNPs.  
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Figure Legends 

FIGURE 1. Mucous cell metaplasia in response to NiNP exposure in WT and T-bet-/- mice. 

A, Quantification of mucus producing cells at 1 or 21 days post-exposure determined using 

ImageJ analysis software (NIH). Data presented as the percentage of AB/PAS-positive 

stained area per total area. ***p < 0.001 compared to the control group of the same genotype 

or as indicated. All data represent mean values ± SEM of at least three measurements per 

lung of 5-7 mice per exposure group. B, Low magnification (10X) of AB/PAS stained lung 

tissue sections (open arrows) at 21 days after WT and T-bet-/- mice were exposed to a 0.1% 

pluronic solution or NiNP. Asterisk indicates area of fibrosis. C, High magnification (40X 

and 100X) of insert from 10X in (B). Black arrows indicate alveolar macrophages containing 

NiNP agglomerates. 

 

FIGURE 2. MUC5AC and MUC5B mRNA levels at 1 and 21 days after exposure. Taqman 

quantitative real-time RT-PCR was used to measure changes in whole lung mRNA levels of 

(A) MUC5AC and (B) MUC5B. Values are means ± SEM (n = 5-7 animals/group).  *p < 

0.05, **p < 0.01, ***p < 0.001 as compared to the control group of the same genotype or as 

indicated. 

 

FIGURE 3. Differential cell counts in the BALF 1 and 21 day after NiNP exposure. Immune 

cells numbers for (A) eosinophils, (B) lymphocytes, (C) neutrophils, and (D) macrophages 

are presented as the mean values ± SEM out of a total of 500 cells counted per animal for 5-7 

animals per dose group at 20X magnification. *p < 0.05, **p < 0.01, ***p < 0.001 compared 



 

61 

to the time matched control group of the same genotype or as indicated. E, Photomicrographs 

representing each cell type. Macrophages and neutrophils demonstrated phagocytosis of 

NiNP in both genotypes at both time points in response to exposure (100X). 

 

FIGURE 4. Histopathological analysis of inflammation in the lungs of WT and T-bet-/- mice 

in response to NiNPs. A, Lung pathology was scored in mice for inflammation 1 and 21 days 

after initial exposure. All data represent mean values ± SEM. *p < 0.05, ***p < 0.001 

compared to the control group of the same genotype (n = 5-7 animals/group). B, 

Representative photomicrographs at low magnification (10X) of H&E stained lung sections 

at 21 days after mice were exposed. TB: Terminal bronchiole, ADB: alveolar duct 

bifurcation, AD: alveolar duct. C, Higher magnification (40X and 100X) of images from 10X 

in (B). 

 

FIGURE 5. The effects that NiNP have on airway collagen deposition and interstitial 

fibrosis in WT and T-bet-/- mice. A, Cross-sections of airways stained with trichrome were 

measured for the area to perimeter ratio of collagen deposition. B, Representative images of 

results from (A) of airways stained with trichrome (open arrows) at low magnification (10X) 

at 21 days post exposure. C, Lung pathology was then scored for interstitial fibrosis in WT 

and T-bet-/- mice. D, Low magnification (10X) of trichrome stained lung parenchyma 

sections (open arrows) at 21 days after WT and T-bet-/- mice were initially exposed. Images 

are a representation of the data shown in (C). Black arrows indicate NiNP agglomerates. Data 
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are the mean values ± SEM (n = 5-7 animals/group). *p < 0.05, ***p < 0.001 compared to 

the control group of the same genotype or as indicated. 

 

FIGURE 6. Total lung col1a2 mRNA and soluble collagen expression in the lungs of WT 

and T-bet-/- mice in response to NiNP exposure. A, Col1a2 mRNA expression levels were 

measured by qRT-PCR in whole lung tissue at 1 and 21 days after initial exposure (nd, not 

detectable). B, Soluble collagen content, µg/mg of protein, was measured from whole lung 

homogenates using the Sircol Assay kit. Data are mean values ± SEM (n = 5-7 

animals/group). *p < 0.05, **p < 0.01, ***p < 0.001 as compared to the control group of the 

same genotype or as indicated.  

 

FIGURE 7. CCL2 mRNA and protein levels in the lungs of mice after NiNP exposure. A, 

CCL2 mRNA expression was measured by qRT-PCR in whole lung tissue at 1 and 21 days 

post exposure while (B) CCL2 protein in BALF was analyzed by ELISA after 1 or 21 days of 

initial exposure (nd, not detectable). *p < 0.05, **p < 0.01, ***p < 0.001 as compared to the 

control group of the same genotype or as indicated. Data are the mean values ± SEM (n = 5-7 

animals/group). 

 

FIGURE 8. IL-13 mRNA and protein expression 1 and 21 day post exposure in the lungs of 

WT and T-bet-/- mice. A, Levels of IL-13 mRNA was measured in whole lung tissue by qRT-

PCR at 1 and 21 days after exposure. B, Protein expression of IL-13 in the BALF was 

analyzed by ELISA at 1 or 21 days post exposure. All data represent mean values ± SEM. *p 
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< 0.05, **p < 0.01, ***p < 0.001 as compared to the control group of the same genotype or 

as indicated (n = 5-7 animals/group).  

 

FIGURE 9. Mucous cell metaplasia and interstitial pneumonitis in response to anti-CCL2 

mAb treatment in T-bet-/- mice 21 days post-exposure. A, Cells stained with AB/PAS were 

quantitated for mucin protein expression using ImageJ (NIH) analysis for percentage of 

positive stained area per total area in mice treated with IgG2B Isotype Control or anti-CCL2 

mAb and exposed to either a 0.1% pluronic solution or NiNPs. B, MUC5AC and (C) 

MUC5B whole lung mRNA expression were quantitated using qRT-PCR analysis. D, Cross 

sections of lungs stained with trichrome were scored for interstitial fibrosis in WT and T-bet-

/- mice 21 days after initial NiNP exposure. Lungs were scored in a blinded manner by three 

independent reviewers. E, Soluble collagen content was measured using the Sircol Assay kit 

in whole lung homogenates and expressed as µg/mg of protein. F, Whole lung col1a2 mRNA 

expression measured by qRT-PCR. *p < 0.05, **p < 0.01, ***p < 0.001 compared to the 

time matched control group of the same genotype or as indicated. Data are the mean values ± 

SEM (n = 3-5 animals/group). 
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Figures 

 

Figure 1. Mucous cell metaplasia in response to NiNP exposure in WT and T-bet-/- 

mice. 
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Figure 2. MUC5AC and MUC5B mRNA levels at 1 and 21 days after exposure. 
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Figure 3. Differential cell counts in the BALF 1 and 21 day after NiNP exposure. 
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Figure 4. Histopathological analysis of inflammation in the lungs of WT and T-bet-/- 

mice in response to NiNPs. 
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Figure 5. The effects that NiNP have on airway collagen deposition and interstitial 

pneumonitis in WT and T-bet-/- mice. 
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Figure 6. Total lung col1a2 mRNA and soluble collagen expression in the lungs of WT 

and T-bet-/- mice in response to NiNP exposure. 
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Figure 7. CCL2 mRNA and protein levels in the lungs of mice after NiNP exposure. 
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Figure 8. IL-13 mRNA and protein expression 1 and 21 day post exposure in the lungs 

of WT and T-bet-/- mice. 
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Figure 9. Mucous cell metaplasia and interstitial pneumonitis in response to anti-CCL2 

mAb treatment in T-bet-/- mice 21 days post-exposure. 
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Abstract 

Pleural diseases (fibrosis and mesothelioma) are a major concern for individuals exposed by 

inhalation to certain types of particles, metals, and fibers. Increasing attention has focused on 

the possibility that certain types of engineered nanoparticles (NPs), especially those 

containing nickel, might also pose a risk for pleural diseases. Platelet-derived growth factor 

(PDGF) is an important mediator of fibrosis and cancer that has been implicated in the 

pathogenesis of pleural diseases. In this study we discovered that PDGF synergistically 

enhanced nickel nanoparticle (NiNP)-induced increases in mRNA and protein levels of the 

pro-fibrogenic chemokine monocyte chemoattractant protein-1 (MCP-1 or CCL2), and the 

anti-fibrogenic interferon-inducible CXC chemokine (CXCL10) in normal rat pleural 

mesothelial (NRM2) cells in vitro. Carbon black nanoparticles (CBNP), used as a negative 

control NP, did not cause a significant increase in CCL2 or CXCL10 in the absence or 

presence of PDGF. NiNP prolonged PDGF-induced phosphorylation of the mitogen-

activated protein kinase (MAPK) family termed extracellular signal-regulated kinases 

(ERK)-1 and ERK-2 for up to 24 h and NiNP also synergistically increased PDGF-induced 

hypoxia inducible factor (HIF)-1α protein levels in NRM2 cells. Inhibition of ERK-1,2 

phosphorylation (p-ERK-1,2) with the MEK inhibitor PD98059 blocked the synergistic 

increase in CCL2, CXCL10, and HIF-1α levels induced by PDGF and NiNP. Moreover, the 

antioxidant L-NAC, significantly reduced HIF-1α, p-ERK-1,2, and CCL2 protein levels that 

were synergistically increased by the combination of PDGF and NiNP. These data indicate 

that nickel nanoparticles enhance the activity of PDGF in regulating chemokine production 
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by pleural mesothelial cells through a mechanism involving ROS generation and prolonged 

activation of ERK-1,2.  

Keywords: Nanoparticles, metals, lung, pleura, chemokines 
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Introduction 

Pleural disease, such as fibrosis and mesothelioma, is a major concern for individuals 

exposed by inhalation to certain types of fibers, especially asbestos. Increasing attention has 

focused on the possibility that engineered carbon nanotubes (CNT), a product of emerging 

nanotechnology, pose a similar risk due to their high aspect ratio, durability and metal 

catalysts (1). A common catalyst used in the manufacture of multi-walled CNT (MWCNT) is 

nickel nanoparticles (NiNP) (2). Nickel is known to cause a variety of pulmonary diseases, 

including fibrosis and cancer, and exposure to nickel particulates can also result in pleural 

and peritoneal mesothelioma in rodents (3-5).  Furthermore, NiNP are more potent inducers 

of pleural fibrosis compared to micron sized nickel particles (6-7). We recently reported that 

MWCNT containing residual nickel catalyst reached the pleura of the lungs of mice after 

inhalation and caused pleural fibrosis and increased immune responses (8).  

Platelet derived growth factor (PDGF) is a key mediator of fibrogenesis and is 

increased in the lungs of mice that are exposed to nickel-containing MWCNT (8-9). PDGF is 

a family of polypeptides (AA, BB, AB, CC, DD) that bind and dimerize cell-surface 

receptors termed PDGF-Rα and PDGF-Rβ to form dimeric αα, αβ, or ββ receptors with 

tyrosine kinase activity. Alveolar macrophages are a rich source of PDGF-BB, while 

fibroblasts are the central source of PDGF-AA. Additionally, PDGF production by 

macrophages can be increased in a hypoxic environment stimulated by exposure to nickel 

(10, 11). PDGF acts as a stimulant of fibroblast growth and chemotaxis through the 

activation of the mitogen-activated protein (MAP) kinases termed ERK-1 and -2 (collectively 

referred to as ERK) and plays a major role in fibroblast survival (10, 12). Fibroblasts are 
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critical to fibrogenesis, as they differentiate into myofibroblasts in response to transforming 

growth factor (TGF)-β1 to produce collagen, which defines fibrotic lesions (10). Moreover, 

PDGF is thought to play a role in pleural fibrosis and mesothelioma (13). PDGF-BB is 

produced by pleural mesothelial cells in vitro in an ATF3-dependent manner after exposure 

to asbestos fibers, and pleural mesothelial cells possess cell surface receptors for PDGF (14-

15).  

In addition to stimulating the growth, chemotaxis, and survival of mesenchymal cells, 

PDGF stimulates the production of other cytokines, chemokines, and growth factors that play 

important roles in angiogenesis and fibrogenesis. For example, PDGF increases the 

production of CCL2 (monocyte chemoattractant protein-1, MCP-1), a pro-fibrogenic and 

pro-angiogenic chemokine, via a mechanism involving the activation of phosphoinositide 3-

kinase (PI3-K) and NFkB in NIH/3T3 fibroblasts (16-17). Rat pleural mesothelial cells also 

produce CCL2 in response to asbestos fibers in vitro, which in turn serves as a potent 

chemoattractant for monocytes and macrophages (18-19). CCL2 stimulates fibroblasts to 

produce TGF-β1 and collagen (20). CCR2, the receptor for CCL2, is required for pulmonary 

fibrosis mice as CCR2-deficient mice are protected from bleomycin or FITC-induced fibrosis 

(21-22). In addition to its role in promoting fibrogenesis, CCL2 also stimulates angiogenesis 

via hypoxia-inducible factor (HIF-1α) and consequent production of vascular endothelial 

growth factor (VEGF) (23).  

While CCL2 promotes fibrogenesis, the interferon-inducible chemokine CXCL10 is 

anti-fibrogenic. For example, CXCL10 has been demonstrated to reduce bleomycin-induced 

lung fibrosis in mice and is due, at least in part, to inhibition of angiogenesis (24). In addition 
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to inhibition of angiogenesis, CXCL10 also mediates chemotaxis of activated T and NK 

cells, and regulates the expression of adhesion molecules (25-26). CXCL10 mediates its 

biological effects through its receptor termed CXCR3 and deletion of CXCR3 in mice has 

been shown to increase bleomycin-induced fibrogenesis (27). We have previously shown that 

the transition metal, vanadium pentoxide, increases the expression of CXCL10 in human 

lung fibroblasts through a mechanism involving activation of NADPH-oxidase and autocrine 

production of IFN-γ (28).  

In this study, we hypothesized that PDGF would modify NiNP-induced expression of 

CCL2 or CXCL10 in rat pleural mesothelial cells. We discovered that NiNP and PDGF-BB 

synergistically increased CCL2 and CXCL10 in rat pleural mesothelial cells through a 

mechanism involving the ability of NiNP to prolong ERK phosphorylation that is initially 

induced by PDGF.   
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Materials & Methods 

Cell Culture 

Normal rat pleural mesothelial (NRM2) cells were a kind gift from Edilberto Bermudez at 

the Hamner Institutes for Health Sciences (Research Triangle Park, NC) and were isolated 

from the parietal pleura (29). The details of cell culture and treatment with PDGF or NiNP 

are described in the online supplement.  

 

Nanoparticles 

Nickel nanoparticles (NiNP), ~20 nm diameter, were purchased from Sun Innovations 

(Fremont, CA).  We determined NiNP size from digitized TEM images. The diameter of 

NiNP was measured using Adobe Photoshop by determining pixel length of >100 NiNP and 

converting pixels to nanometers using a standard magnification bar contained within each 

TEM image. Carbon black nanoparticles (CBNP), ~8 nm, were from Columbian Chemicals 

as Raven® 5000 Ultra II Powder (Marietta, GA). Nanoparticles were suspended in a sterile, 

0.1% pluronic F-68 (Sigma) in phosphate buffer solution and dispersed for two hr using a 

bath sonicator at room temperature. Further details on nanoparticle characterization are 

provided in the Online Supplement.  

 

Taqman Real-Time RT-PCR 

One-step, TaqMan quantitative real time RT-PCR (qRT-PCR) was performed to quantify 

gene expression of our target genes. Total RNA was extracted and purified using an RNeasy 

Mini Kit (Qiagen). RNA concentrations were determined by the Nanodrop1000 
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spectrophotometer and samples were normalized to a final concentration of 25 ng/µl. qRT-

PCR was performed using reagents from the SuperScript® III Platinum® One-Step qRT-

PCR Kit (Invitrogen) on the StepOne Plus instrument (Applied Biosystems). A comparative 

CT method was used to quantify target gene expression for CXCL10 (Rn00594648_m1) and 

CCL2 (Rn00580555_m1) against the endogenous control hypoxanthine 

phosphoribosyltransferase-1 (HPRT-1) (Rn01527840_m1). Each individual sample was 

analyzed in duplicate and experiments were repeated at least three times. The StepOne Plus 

software calculated relative quantitation values and expressed as fold-change. 

 

ELISA 

Cell culture supernatants were assayed according to kit instructions for CCL2 (R&D 

Systems) or CXCL10 (Antigenix America, Inc., Huntington Station, NY) protein secretion. 

Absorbances were read at 450nm by the Multiskan EX microplate spectrophotometer with a 

correction wavelength set at 540nm.  

 

Western Blot 

Cell lysates were collected at various time points and were separated by SDS-PAGE 

(Invitrogen), transferred to PVDF membranes, and blocked for 1 hour in 5% non-fat milk in 

TBST (20 mM Tris, 137 mM NaCl and 0.1% Tween 20). The blot was then incubated at 4°C 

overnight with primary antibody followed by a 1 h incubation of HRP-conjugated secondary 

antibody. The immunoblot signal was detected and visualized through enhanced 

chemiluminescence (ECL, GE Healthcare). Total and phosphorylated PDGF-Rβ primary 
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antibodies, as well as all secondary antibodies, were purchased from Santa Cruz. Total ERK, 

phosphorylated ERK and β-actin primary antibodies were purchased from Cell Signaling 

Technology. HIF-1α antibody was purchased from Novus Biological, Littleton, CO.  

 

Statistical Analysis 

Statistical analysis was performed using GraphPad Prism software version 5.00 (San Diego, 

CA). Two-way ANOVA with a Bonferroni test was used to identify significant differences 

among multiple treatment groups. One-way ANOVA with a post hoc Tukey was used to test 

significance of treatment groups compared to control. The significance was set at p < 0.05 

unless stated otherwise.  Densitometric analysis was performed on Western Blots using 

Image J analysis software (NIH).  
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Results 

Nickel nanoparticles (NiNP) form agglomerates in cell culture medium and are internalized 

by pleural mesothelial cells in vitro. TEM demonstrated that NiNP formed agglomerates 

when suspended in tissue culture medium (Fig. 1A). The size distribution frequency of 

individual NiNP was calculated by measuring the diameter of particles from digitized TEM 

images as described in Materials & Methods. The average particle diameter was 25.43 ± 

11.62 nm, slightly larger than the 20 nm average diameter provided by the manufacturer (Fig. 

1B). Furthermore, greater than 90% of the NiNP were between 10 and 50 nm in diameter. 

Rat pleural mesothelial cells (NRM2) were treated with NiNP or CBNP and observed by 

TEM after 24 h of exposure. NiNP agglomerates were identified in contact with the cell 

membrane and within the cytoplasm of NRM2 cells (Fig. 1C) as were CBNP (Fig. 1E). 

Higher magnification showed that both NiNP and CBNP agglomerates were contained within 

membrane-bound vesicles that resembled lysosomes (Fig. 1D, Fig. 1F). NiNP and CBNP 

both retained their spherical shape and size within cells over a 24 h time period under these 

experimental conditions. 

 

Nickel nanoparticles synergistically increase PDGF-induced CCL2 and CXCL10 expression 

in rat pleural mesothelial cells. CCL2 and CXCL10 mRNA and protein were measured using 

qRT-PCR and ELISA, respectively. The optimal concentrations of PDGF and NiNP used in 

this study were determined by dose-response relationships. Additionally, time course 

experiments were also performed to determine temporal expression patterns of CCL2 and 

CXCL10 (see Online Supplement). The induction of CCL2 expression in NRM2 cells was 
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due to the PDGF-BB isoform, referred to herein simple as ‘PDGF’, whereas PDGF-AA had 

no significant effect on the induction of CCL2 levels (data not shown). PDGF or NiNP 

increased CCL2 mRNA levels by 6 h and maximally increased CCL2 protein levels in cell 

supernatants at 24 h after exposure (Fig. S1, S2). The combination of PDGF and NiNP 

synergistically increased CCL2 mRNA and protein levels at 24 h post-treatment (Fig. 2A, B). 

Similar to CCL2, CXCL10 mRNA and protein levels were synergistically increased in 

NRM2 cells by a combination of PDGF and NiNP when compared to cells treated with either 

PDGF or NiNP alone (Fig. 2C, D). The time course of CXCL10 expression was different 

from CCL2 in that levels of CXCL10 mRNA and protein were maximally induced by NiNP 

and PDGF at 48 h following exposure (Fig. S3). Treatment of NRM2 cells over all 

treatments and time points did not result in significant cytotoxicity as determined by LDH 

assay (data not shown). The synergistic response observed between PDGF and NiNP on 

increasing chemokine production was observed in two separate isolates of NRM2 cells.  

 

Nickel nanoparticles prolong PDGF-induced phosphorylation of MAPK but do not affect 

phosphorylation of PDGF-Rβ. PDGF-induced ERK phosphorylation was observed in rat 

pleural mesothelial cells at 2 h and 24 h after exposure. ERK phosphorylation was measured 

by Western blot analysis using antibodies against total or phosphorylated ERK protein (Fig. 

3A). Densitometric analysis of the ratio of pERK to total ERK was performed for a 

quantitative evaluation of the different exposure groups (Fig. 3B). At 2 h, treatment of cells 

with either PDGF or a combination of PDGF and NiNP caused a robust and significant 

increase in ERK phosphorylation over control and NiNP. However, ERK phosphorylation 
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induced by PDGF or PDGF plus NiNP were not different from one another at 2 h. In 

contrast, at 24 h ERK phosphorylation induced by PDGF plus NiNP was significant over all 

dose groups, while ERK phosphorylation by PDGF alone at 24 h was not significantly 

different from control (Fig. 3A, B). In order to determine if NiNP acted upstream at the 

PDGF receptor (PDGF-R) to increase PDGF-induced phosphorylation of ERK at 24 h, 

Western blot analysis was performed using antibodies specific for phosphorylated PDGF-

Rα or PDGF-Rβ or antibodies against total protein levels of these two receptors.  Western 

blot analysis showed that treatment of NRM2 cells with NiNP did not change PDGF-induced 

phosphorylation of PDGF-Rβ or total protein levels of PDGF-Rβ (Fig. 3C). PDGF-Rα levels 

were not detectable in NRM2 cells by Western blot analysis but were present in positive 

control human lung fibroblasts (data not shown). 

 

CXCL10 and CCL2 induction by PDGF and nickel nanoparticles is MEK-dependent. We 

hypothesized that ERK is an upstream mediator of both CCL2 and CXCL10 since PDGF is 

known to induce ERK phosphorylation (10). To test this hypothesis, NRM2 cells were 

treated with 20µM of PD98059 1 h prior to PDGF and NiNP exposure. In order to make sure 

the inhibitor worked properly, ERK phosphorylation was analyzed by Western Blot. As seen 

in Fig. 4A, PD98059 significantly reduced ERK signaling in every treatment group including 

control. Additionally, the MEK inhibitor significantly decreased CXCL10 mRNA and 

protein expression that was induced by the combination of PDGF and NiNP (Fig. 4B). 

Similarly, CCL2 mRNA and protein expression induced by the combination of PDGF and 

NiNP were significantly decreased by PD98059 (Fig. 4C).  
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PDGF enhances nickel nanoparticle-induced HIF-1α levels via a MAPK-dependent 

mechanism. NiNP increased HIF-1α levels in NRM2 cells 24 h after exposure as measured 

by Western blot analysis. PDGF alone did not increase HIF-1α levels, but PDGF 

synergistically enhanced NiNP-induced HIF-1α expression (Fig. 5A). Quantitative 

densitometry of HIF-1α were normalized against β-actin in three independent experiments 

and revealed a statistically significant effect of NiNP on HIF-1α. Furthermore, this effect was 

significantly enhanced by the addition of PDGF (Fig. 5B). The role of ERK was further 

investigated as contributory to the additive effect of PDGF and NiNP on HIF-1α expression. 

Cells were treated with 20µM PD98059 1 h prior to PDGF and/or NiNP exposure. PD98059 

blocked PDGF enhancement of NiNP-induced HIF-1α expression, but did not block the 

induction of HIF-1α by NiNP alone. This indicated that ERK is responsible for only PDGF 

driven induction of HIF-1α and that there is an additional mediator involved in the induction 

of HIF-1α by NiNP. HIF-1α mRNA levels were not changed at 24 h after treatment with 

PDGF, NiNP, or PDGF combined with NiNP (data not shown), suggesting that HIF-1α 

regulation in response to PDGF and NiNP is regulated at the post-translational level.  

 

Nickel nanoparticle-induced HIF-1α levels and NiNP enhancement of PDGF-induced 

chemokine expression is reduced by the antioxidant NAC. NRM2 cells were pre-treated with 

5mM of N-Acetyl-L-cysteine (NAC), an antioxidant, for 1 h prior to treatment with NiNP, 

PDGF, or the combination of NiNP and PDGF. Treatment with NAC decreased HIF-1α 

protein levels that were induced after exposure to NiNP or the combination of NiNP and 

PDGF (Fig. 6A). Quantitative densitometry of HIF-1α Western blots were normalized 
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against β-actin in three independent experiments and revealed a statistically significant effect 

of NAC on reducing HIF-1α levels induced by NiNP or the combination of NiNP and PDGF 

(Fig. 6B). Additionally, NAC significantly reduced ERK-1,2 phosphorylation (p-ERK-1,2) 

and CCL2 protein levels in NRM2 cell supernatants that were induced by the combination of 

NiNP and PDGF (Fig. 6C,D). The effect of NAC on CXCL10, which was induced after 48 hr 

of treatment with NiNP with or without PDGF, was not evaluated since the combination of 

antioxidant and NiNP or NiNP plus PDGF caused significant cytotoxicity at this time point 

(data not shown).  
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Discussion 

Nanomaterials have increasingly gained popularity due to the novel physical and 

chemical properties they possess compared to their bulk counterparts. Their nano-size 

dimensions, shape, and surface area make them attractive for use in numerous applications, 

yet the potential risks they pose to human heath remain largely unknown (1). In this study, 

we investigated the effects of nickel nanoparticles (NiNP) on pleural mesothelial cell 

signaling and chemokine production. When particle size is decreased to nanoscale 

proportions, this alters physiochemical properties (e.g. increased surface area and reactivity), 

and has the potential to change particle interaction with the cellular microenvironment and 

subcellular structures (30). Nano-sized nickel particles, when compared to larger Ni particles, 

have greater surface area, higher magnetism, and lower melting point (31). Additionally, 

nanoparticles cause more lung injury compared to larger particles due to their higher surface 

area per unit mass and increased potential to generate ROS (30). Previous studies have 

shown that NiNP cause more inflammation and toxicity in the lungs of rodents after 

intratracheal instillation when compared to micron-sized Ni particles, demonstrating that 

pulmonary toxicity increases as particle size decreases (31, 6, 7, 1).  

Nanoparticles are more likely to migrate to the distal areas of the lung and reach the 

pleural mesothelium (1). Previous studies have shown that nickel nanoparticles (NiNP) and 

Ni-containing nanomaterials can reach the pleura, causing fibrosis and mesothelioma in 

rodents (5-8). It is therefore important to gain a better understanding of the cellular and 

molecular mechanisms behind the progression of NiNP-induced pleural diseases. We found 

that NiNP are taken up by cultured rat pleural mesothelial cells and stimulate marginal 
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increases in chemokines (CCL2 and CXCL10) and HIF-1α. However, in the presence of 

PDGF-BB, a fibroblast mitogen and chemoattractant, NiNP-induced chemokine and HIF-

1α expression were synergistically increased. Our data support the hypothesis that synergy 

between NiNP and PDGF involves initiation of ERK phosphorylation by PDGF-BB and 

prolonged activation of PDGF-induced ERK signaling by NiNP-generated ROS. This 

hypothetical mechanism is illustrated in Fig. 7.  

NiNP are used as a catalyst in the fabrication of MWCNT and there are concerns that 

they could be a contributing factor to pulmonary fibrosis or mesothelioma (6, 12, 5). We 

have previously reported a significant fibrotic response in the lungs and pleura of mice after 

inhalation exposure to MWCNT containing residual Ni (32, 8). It is unknown whether the 

NiNP used in this study closely represents the residual Ni catalyst found in MWCNT, 

although TEM photomicrographs coupled with EDX spectroscopy indicate NiNP within 

MWCNT (8). Moreover, the dose of NiNP used in the in vitro studies presented here are 

likely much higher than doses of Ni that would occur at the pleura of mice after lung 

exposure to MWCNT. However, aside from exposures to MWCNT that contain residual Ni, 

it is important to consider that much higher exposures to NiNP alone could occur 

occupationally where Ni is used for manufacturing or catalytic processes.  

Our study also shows that the cellular effects of NiNP are not merely related to the 

physical size of the nanoparticles, as CBNP also were avidly taken up by NRM2 cells and 

did not cause significant ERK phosphorylation, induction of HIF-1α, or chemokine 

expression. These findings suggest that the reactivity of NiNP, in addition to nanometer size, 

is important for the biological effects observed in NRM2 cells. We observed that NiNP 
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retained their spherical shape and size within NRM2 cells over a 24 h period with no 

indication of degradation (Fig. 1). This observation suggests that no dissolution of Ni is 

necessary to produce the biological responses reported in this study and that surface 

reactivity of NiNP plays an important role in generating ROS to initiate cell signaling and 

HIF-1α or chemokine induction. Nevertheless, we cannot rule out the possibility that some 

Ni ions were generated that could have caused significant effects on biological responses. 

Finally, it is unclear whether the observed effects reported here might be seen with other 

types of metal nanoparticles. Therefore, other transition metals used to manufacture 

engineered nanoparticles should be tested in order to determine whether or not they act 

synergistically with PDGF to promote HIF-1α and chemokine expression in mesothelial 

cells.  

In our previous work, rats or mice exposed to MWCNT containing residual Ni 

exhibited increased levels of PDGF (9, 32). PDGF is an important mediator of fibrotic 

diseases (10) and has been implicated in the pathogenesis of pleural disease (13). During the 

pathogenesis of fibrosis, PDGF contributes to the production and deposition of collagen by 

driving myofibroblast proliferation and chemotaxis (33,34). After exposure to MWCNT, 

mice have increased levels of PDGF throughout the lung that could be available to 

mesothelial cells in vivo (9, 8). Alveolar macrophages are a major source of PDGF-BB in the 

lungs, while PDGF-AA is mainly produced by fibroblasts and epithelial cells (35, 10). 

Pleural mesothelial cells are another source for increased levels of PDGF-BB after asbestos 

exposure and injury. This suggests that PDGF-BB could act in an autocrine fashion to 

increase CCL2 expression in mesothelial cells (18, 19). We have previously showed that 
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macrophages engulf inhaled MWCNT and then migrate to the pleura where they accumulate 

beneath the mesothelium (8). In our experiments, we found that PDGF-BB, but not PDGF-

AA, enhanced NiNP-induced chemokine production by rat pleural mesothelial cells. 

Moreover, we have observed that the majority of NiNP delivered to the lungs of mice by 

oropharyngeal aspiration are taken up by alveolar macrophages and many of these 

macrophages are found in the subpleural region of the lungs adjacent to the pleural 

mesothelium (Glista-Baker and Bonner, unpublished observation). As illustrated in Fig. 7, 

paracrine signaling between macrophages and mesothelial cells via PDGF-BB could be 

important to the amplification of NiNP-induced signaling in pleural mesothelial cells in vivo. 

Nevertheless, it is unclear how PDGF-BB produced by macrophages would translocate 

across the epithelial barrier that separates the subpleural region of the lung from the 

mesothelial lining. Moreover, cell types other than macrophages cannot be ruled out as a 

source of PDGF-BB and this issue requires further study.  

A key step in the progression of fibrosis is the deposition of collagen, which is 

stimulated primarily by TGF-β1 (36). CCL2 is considered to be a pro-fibrotic chemokine 

since it plays a role in stimulating fibroblasts to produce collagen by induction and activation 

of TGF-β1 (20). Additionally, CCL2 is a potent chemoattractant produced by pleural 

mesothelial cells that induces the migration of macrophages to an area of inflammation and 

injury (19). Time course experiments demonstrated that CCL2 mRNA and protein were 

induced transiently by PDGF-BB, whereas NiNP caused a sustained increase in CCL2 

expression (Fig. S1, S2). The combination of PDGF and NiNP caused a synergistic increase 

in CCL2 mRNA and protein at 24 h (Fig. 2A,B). These data demonstrate a potentially 
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important interaction between nanoparticle exposure and an endogenous growth factor that 

could be important in progression of subpleural fibrosis or pleural cancer.  We also 

demonstrated that PDGF and NiNP synergistically increased CXCL10 mRNA and protein 

levels in mesothelial cells (Fig. 2C, D). The chemokine CXCL10 promotes the recruitment of 

many inflammatory cells such as T-cells, monocytes, fibroblasts and endothelial cells (24). 

Additionally, mesothelial cells are a significant source of CXCL10 during inflammation (37). 

Elevated levels of CXCL10 have been found to be indicative of injury and inflammation 

associated with pulmonary fibrosis (38). Unlike CCL2, which is pro-fibrogenic, CXCL10 is 

anti-fibrogenic and transgenic mice that lack CXCL10 or its receptor CXCR3 have 

exaggerated lung fibrosis (24, 27). Furthermore, CXCL10 is involved in the early stages of 

peritoneal wound healing by preventing the formation of fibrotic adhesions (39). Therefore, 

CXCL10 is likely a protective response to injury. While CCL2 and CXCL10 have opposing 

roles in fibrosis, it is equally important to understand the regulation of both of these 

chemokines since they likely have important functions in pleural fibrosis and the resolution 

of pleural fibrosis, respectively.  

We identified ERK-1,2 as a key signaling intermediate in the molecular mechanism 

by which PDGF-BB and NiNP synergistically increased CXCL10 and CCL2. PDGF-BB 

binds to the extracellular domain of PDGF-Rα and/or PDGF-Rβ transmembrane subunits to 

form dimeric PDGF-Rαβ or PDGF-Rββ on the cell surface (10). The autophosphorylation on 

tyrosine residues within the intracellular domain of these dimeric receptors initiates 

activation of the intracellular ERK-1,2 signaling pathway. ERK-1,2 signaling can regulate 

multiple processes including cellular proliferation and cell cycle progression depending on 
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the duration of the signal and cell type (40). Furthermore, prolonged ERK-1,2 

phosphorylation leads to differences in the expression of immediate early genes (IEG) which 

can allow for additional cell growth, differentiation and survival associated with the 

development of cancer and disease (41). We observed that NiNP caused sustained PDGF-

induced ERK-1,2 phosphorylation (Fig. 3A, B), suggesting that this activity could contribute 

to the increased expression and stabilization of IEGs, which include CCL2 and CXCL10 (17, 

42). This was verified upon treatment of NRM2 with the MEK-1/2 inhibitor, PD98059, 

which blocked ERK-1,2 activity and significantly decreased IEG expression that was induced 

by the combination of PDGF plus NiNP (Fig. 4A). However, in the absence of NiNP, ERK-

1,2 phosphorylation induced by PDGF was not sustained. Moreover, NiNP did not alter 

phosphorylation at the PDGF receptor (Fig. 3C), suggesting that cross-talk between NiNP 

and growth factor signaling that occurs downstream of the PDGF receptor. 

Nickel is known to cause oxidative stress by generating a variety of intracellular 

reactive oxygen species (ROS) such as hydrogen peroxide and oxygen radicals while 

decreasing antioxidants such as glutathione (43). This creates a hypoxic environment in the 

cell and induces hypoxia-inducible genes, specifically the stabilization and accumulation of 

the hypoxia-inducible factor-1α protein (HIF-1α), a primary biomarker of oxidative stress 

(44). The HIF-1 complex consists of two subunits, HIF-1α and HIF-1β that binds to the 

Hypoxia Response Element (HRE) in the promoter region. While HIF-1β is constitutively 

expressed, the HIF-1α protein is stabilized by low oxygen levels and becomes resistant to 

proteasomal degradation (45). Additionally, the transcription of HIF-1 can also be regulated 

by intracelluar signaling intermediates, including MAPKs, such as ERK (44, 46). Our results 
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show that PDGF-BB synergistically increased NiNP-induced HIF-1α protein levels in NRM2 

cells, but that the combination of PDGF and NiNP had no effect on HIF-1α mRNA levels 

(data not shown). This suggests that the increase in HIF-1α caused by the combination of 

PDGF and NiNP was due to HIF-1α protein stabilization. The induction of HIF-1α by the 

combination of PDGF and NiNP was also significantly reduced by the MEK inhibitor (Fig. 

5). However, NiNP-induced HIF-1α levels were not affected by the MEK inhibitor, 

PD98059. These data indicated that PDGF enhancement of NiNP-induced HIF-1α was ERK-

dependent, while NiNP-induced induction of HIF-1α is ERK-independent.  

As stated earlier, others have shown that reactive oxygen species (ROS), such as 

hydrogen peroxide contribute to the stabilization of HIF-1α protein (43, 44). Recent studies 

have also shown that nano-sized nickel particles can sustain HIF-1α activity in human cell 

lines (47, 48). Therefore, we hypothesized that ROS mediated the induction of HIF-1α and 

chemokines that were induced by NiNP or the combination of NiNP and PDGF in NRM2 

cells. Our results show that NAC significantly decreased total HIF-1α protein levels after 

exposure to NiNP alone and also after the combination of PDGF plus NiNP (Fig. 6A, B). 

Additionally, we observed that NAC treatment also significantly reduced p-ERK-1,2 levels 

and CCL2 protein levels that were induced by the combination of NiNP and PDGF (Fig. 

6C,D). These data suggest that ROS mediate induction of HIF-1α by NiNP and play a role in 

the synergistic increase in chemokine production stimulated by the combination of NiNP and 

PDGF. However, NAC had no effect on CCL2 production induced by PDGF alone (Fig. 6D), 

suggesting that ROS are not required for the PDGF signaling component of this mechanism. 

Moreover, while HIF-1α induction and ERK-1,2 phosphorylation by NiNP and PDGF were 
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almost completely inhibited by NAC at 24 hr, the induction of CCL2 by NiNP and PDGF 

was only partially reduced by NAC, suggested that both ROS-dependent and ROS-

independent signaling is involved in the induction of CCL2 by the combination of NiNP and 

PDGF. 

  Nickel compounds are classified as carcinogenic in humans causing lung and nasal 

cancer as well as pulmonary inflammation and fibrosis after chronic exposure (49).  Our data 

demonstrate that PDGF-BB synergistically increased NiNP-induced production of 

chemokines in rat pleural mesothelial cells via an ERK-1,2-dependent mechanism that 

appears to be due to NiNP prolonging ERK phosphorylation after initiation by PDGF-BB. In 

the context of carcinogenesis, others have shown that an ERK-2 survival pathway mediates 

resistance of human mesothelioma cells to asbestos injury (50). Therefore, it would be 

important to know whether mesothelioma cells are resistant to NiNP or MWCNT exposure 

as a consequence of ERK-2 signaling. Additionally, we also found that ERK activation is 

important for PDGF-BB to increase HIF-1α, typically associated with hypoxia and oxidative 

stress, while ROS mediated NiNP-induced HIF-1α. These findings are highly relevant to in 

vivo exposures since macrophages have previously been shown to accumulate at the 

subpleural region after exposure to other nanomaterials that cause pleural fibrosis. 

Macrophages could influence the biological responses of mesothelial cells by triggering 

increased expression of pro-fibrotic growth factors such as PDGF-BB when exposed to NiNP 

(Fig. 7). In summary, our findings suggest that PDGF-BB is a critical co-activator of NiNP-

induced chemokine production at the pleural mesothelium that relies on ERK 

phosphorylation and ROS generation as a central part of the signaling mechanism.  
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Figure Legends 

FIGURE 1. Nickel nanoparticles (NiNP) behave as nanoparticle agglomerates in cell culture 

medium and are taken up by pleural mesothelial cells in vitro. NiNP were dispersed in a bath 

sonicator for two hours in a 0.1% pluronic F-68 in phosphate buffer solution prior to dosing 

NRM2 cells as indicated in Materials & Methods. NiNP exposed NRM2 cells were collected 

at 24 h and characterized using transmission electron microscopy (TEM) imaging. (A) NiNP 

agglomerate in control medium. (B) Size distribution showing the majority of NiNP had a 

diameter between 20-50 nm. (C) NiNP agglomerates (black arrows) were observed in contact 

with the cell membrane and within the cytoplasm of a cultured NRM2 cell. (D) Higher 

magnification of the black box in (C) showing NiNP agglomerates enclosed within a 

membrane-bound vesicle in the NRM2 cell. (E) CBNP agglomerates (black arrows) were 

also observed in contact with the cell membrane and within the cytoplasm. (F) Higher 

magnification of the black box in (E) showing CBNP agglomerate enclosed within a 

membrane-bound vesicle. Subcellular structures indicated are nucleus (Nu), microvilli (Mv), 

mitochondria (Mi) and lysosome (Ly). 

 

FIGURE 2.  Nickel nanoparticles (NiNP) synergistically increase PDGF-induced CCL2 and 

CXCL10 mRNA and protein expression in rat pleural mesothelial cells. NRM2 cells were 

grown to confluency, serum starved for 24 h and treated with PDGF-BB (50 ng/mL) alone or 

immediately prior to adding CBNP or NiNP (10 µg/cm2). Either mRNA or cell culture 

supernatants were collected for analysis by Taqman quantitative real-time RT-PCR or 

ELISA, respectively. (A) CCL2 mRNA analyzed at 24 h. ***p < 0.001 compared to control 
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determined by one-way ANOVA with post-hoc Tukey test.  ##p < 0.01, between NiNP and 

PDGF + NiNP or +++p < 0.001 between PDGF and PDGF + NiNP as determined by two-way 

ANOVA with Bonferroni post-test.  (B) Secreted CCL2 protein at 24 h. ***p < 0.001 

compared to control determined by one-way ANOVA. ##p < 0.01, between NiNP and PDGF 

+ NiNP or ++p < 0.01 between PDGF and PDGF + NiNP as determined by two-way 

ANOVA. (C) CXCL10 mRNA levels at 24 h. *p < 0.05 compared to control determined by 

one-way ANOVA. #p < 0.05, between NiNP and PDGF + NiNP or +p < 0.05 between PDGF 

and PDGF + NiNP as determined by two-way ANOVA. (D) Secreted CXCL10 protein at 48 

h. *p < 0.01 or ***p < 0.001 compared to control. ##p < 0.01, between NiNP and PDGF + 

NiNP or +++p < 0.001 between PDGF and PDGF + NiNP as determined by two-way 

ANOVA. All data represent mean values ± SEM of three experiments ran in duplicate. 

 

FIGURE 3. Nickel nanoparticles (NiNP) enhance and prolong PDGF-induced ERK 

phosphorylation but not PDGF-Rβ in rat pleural mesothelial cells. NRM2 cells were grown 

to confluency, serum starved and treated with PDGF-BB (50 ng/mL) or PDGF-BB plus 

NiNP (10 µg/cm2) and cell lysates were collected at 2 and 24 h post-exposure. (A) Western 

blot analysis showing strong PDGF-induced phosphorylated ERK (p-ERK) at 2 h that is 

almost completely diminished by 24 h. NiNP co-exposure did not alter PDGF-induced ERK 

phosphorylation at 2 h, but enhanced PDGF-induced activation at 24 h.  Total ERK protein 

levels were not changed by any of the treatments. (B) Densitometry of the blots in (A) 

showed the relative ratio of p-ERK to total ERK protein for each time point. Densitometric 

analysis was performed using Image J analysis software (NIH) as described in Materials and 
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Methods and represent mean values ± SEM of three experiments. (C) Western blot analysis 

showed PDGF-BB-induced phosphorylation of PDGF-Rβ at 15 min that is not affected by 

NiNP. PDGF-BB-induced PDGF-Rβ phosphorylation was diminished by 24 h and not 

affected by NiNP. **p < 0.01 compared with untreated (control) and NiNP exposed cells, 

***p < 0.001 compared to cells treated with control or NiNP alone as determined by one-way 

ANOVA with post-hoc Tukey test and ^p < 0.05 compared with cells treated with PDGF 

alone as determined by two-way ANOVA with Bonferroni post-test. Both western blots 

shown are representative of at least three independent experiments that produced similar 

results. 

 

FIGURE 4. CXCL10 and CCL2 expression in rat pleural mesothelial cells is regulated by 

the MEK-ERK signaling pathway. NRM2 cells were grown to confluency, serum starved and 

then pretreated with 20 µM PD98059 (black bars) for 1 h prior to adding PDGF (50 ng/mL) 

or NiNP (10 µg/cm2) alone or in combination for 24 h or 48 h. (A) Western blot analysis 

showing phospho- and total ERK protein levels in cell lysates from NRM2 cells. (B) 

CXCL10 mRNA levels at 24 h and secreted protein levels at 48 h from NRM2 cells were 

measured using TaqMan quantitative real time RT-PCR or ELISA, respectively. (C) CCL2 

mRNA and secreted protein levels were measured at 24 h after exposure. Data represent 

mean values ± SEM of three experiments ran in duplicate. **p < 0.01 or ***p < 0.001 

compared to cells in same exposure group treated with MEK inhibitor, PD98059, and 

determined by two-way ANOVA with Bonferroni post-test. 
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FIGURE 5. PDGF enhancement of nickel nanoparticle induced HIF-1α is mediated by 

MAPK signaling. NRM2 cells were grown to confluency, serum starved and then pretreated 

with 20 µM PD98059 (black bars) for 1 h prior to adding PDGF (50 ng/ml) or NiNP (10 

µg/cm2) alone or in combination for 24 h or 48 h. (A) Western blot analysis of HIF-1α 

protein levels in cell lysates from NRM2 cells showing that PDGF enhancement of NiNP 

induced HIF-1α is reduced by PD98059. (B) Densitometry of Western blots in (A) showing 

the relative ratio of HIF-1α to β-actin protein for each treatment. Densitometric analysis was 

performed using Image J analysis software (NIH) as described in Materials and Methods. All 

data represent mean values ± SEM of three independent experiments. ***p < 0.001 

compared to control or PDGF treatment with or without PD98059 as determined by one-way 

ANOVA with post-hoc Tukey test, ###p < 0.001 compared NiNP to PDGF + NiNP treatment 

without PD98059, or ^p < 0.05 compared to cells in same exposure group treated without 

MEK inhibitor, PD98059 as determined by two-way ANOVA with Bonferroni post-test. 

Western blot shown is a representative of at least three independent experiments that 

produced similar results. 

 

FIGURE 6. HIF-1α and CCL2 expression induced by NiNP and PDGF is reduced by the 

anti-oxidant, NAC. NRM2 cells were grown to confluency, serum starved and then 

pretreated with 5 mM NAC for 1 h prior to adding PDGF (50 ng/mL) or NiNP (10 µg/cm2) 

alone or in combination for 24 h. (A) Representative western blot of HIF-1α protein levels in 

cell lysates from NRM2 cells showing that induction of HIF-1α levels after treatment with 

NiNP or NiNP and PDGF-BB were both reduced by NAC. (B) Densitometry of three 
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independent Western blots including the representative blot displayed in (A) showing the 

relative ratio of HIF-1α to β-actin protein for each treatment. Densitometric analysis was 

performed using Image J analysis software (NIH) as described in Materials and Methods. (C) 

Western blot showing increased levels of phosphorylated ERK-1,2 (p-ERK-1,2)  after 24 hr 

treatment with the combination of PDGF and NiNP that were reduced by 1 hr pretreatment 

with NAC. Note that ERK-1,2 phosphorylation is transiently induced by PDGF alone at 2 hr 

and returns to basal levels by 24 hr (see Fig. 3). (D) ELISA results showing that CCL2 

protein induced by the combination of NiNP and PDGF is significantly reduced by 

pretreatment with NAC. The ELISA data are from a single experiment with samples run in 

triplicate. *p < 0.05 or **p < 0.01 compared to cells in same exposure group treated without 

NAC as determined by two-way ANOVA with Bonferroni post-test. 

 

FIGURE 7. Schematic illustration showing the hypothetical cell signaling mechanism 

involved in the synergistic induction of HIF-1α and chemokines by NiNP and PDGF in rat 

pleural mesothelial cells. NiNP are taken up by pleural mesothelial cells to generate ROS, 

increase HIF-1α and stimulate chemokine production. PDGF-BB, a growth factor produced 

by activated alveolar macrophages or other cellular sources, binds to PDGF-Rβ on 

mesothelial cells to stimulate ERK phosphorylation and marginally increase chemokine 

production. NiNP is postulated to increased the duration of PDGF-induced ERK 

phosphorylation and thereby synergistically increase the production of CCL2 and CXCL10, 

which play important roles in the progression and resolution of pleural fibrogenesis, 

respectively. 
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Figures 

 

Figure 1. NiNPs behave as nanoparticle agglomerates in cell culture medium and are 

taken up by pleural mesothelial cells in vitro. 
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Figure 2. NiNPs synergistically increase PDGF-induced CCL2 and CXCL10 mRNA 

and protein expression in rat pleural mesothelial cells. 
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Figure 3. NiNPs enhance and prolong PDGF-induced ERK phosphorylation but not 

PDGF-Rβ in rat pleural mesothelial cells. 

 

 

 

p-ERK

2 h

ERK

-    -   +   +
-    +   -   +  

NiNP
PDGF

-    -   +   +
-    +   -   +  

24 h

Fig. 3
A)

B)

p-PDGFR!

15 min

PDGFR!

-    -   +   +
-    +   -   +  

NiNP
PDGF

24 h

C)
-    -   +   +
-    +   -   +  

2  h

Co
ntr
ol

PD
GF

Ni
NP

PD
GF
  +  
Ni
NP

0

5

10

15

**
**

p-
E
R
K
  :  
To
ta
l  E
R
K
  ra
tio

(R
el
at
iv
e  
U
ni
ts
)

24  h

Co
ntr
ol

PD
GF

Ni
NP

PD
GF
  +  
Ni
NP

0

1

2

3
***

pE
R
K
  :  
To
ta
l  E
R
K
  ra
tio

(R
el
at
iv
e  
U
ni
ts
)

^



 

109 

 

Figure 4. CXCL10 and CCL2 expression in rat pleural mesothelial cells is regulated by 

the MEK-ERK signaling pathway. 
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Figure 5. PDGF enhancement of nickel nanoparticle induced HIF-1α is mediated by 

MAPK signaling. 
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Figure 6. HIF-1α and CCL2 expression induced by NiNP and PDGF is reduced by the 

anti-oxidant, NAC. 
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Figure 7. Schematic illustration showing the hypothetical cell signaling mechanism 

involved in the synergistic induction of HIF-1α and chemokines by NiNP and PDGF in 

rat pleural mesothelial cells. 
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Data Supplement 

Supplementary Methods 

Nanoparticle Characterization. According to the manufacturer, NiNP were spherical and had 

an average diameter of 20nm, ranging from 2-50nm, with a specific surface area of 40-60 

m2/g, a metal purity of 99.9%, and insolubility in water. They were additionally characterized 

as a pure metal nanoparticle in oxidation state (0) zero (Choquette et al. 2011). Carbon black 

nanoparticles (CBNP), approximately 100% amorphous carbon, were from Columbian 

Chemicals as Raven® 5000 Ultra II Powder (Marietta, GA) had a mean diameter of 8nm, an 

external surface area of 350 m2/g, and were insoluble in water. NiNP and CBNP were 

suspended in a sterile, 0.1% pluronic F-68 (Sigma) in phosphate buffer solution at a stock 

concentration of 10 mg/mL and then dispersed for two hours using a bath sonicator at room 

temperature prior to dosing. 

 

Cell Culture and Treatment with PDGF, NiNP, and inhibitors. Normal rat pleural 

mesothelial cells (NRM2) were cultured in a modified 1:1 mixture of F-12 Kaighn’s and 

Dulbecco’s Modified Eagle Medium (Invitrogen) containing 10% fetal bovine serum 

(Gibco), 0.2% Insulin, Transferrin, and Selenium (ITS, Lonza) and 50µM hydrocortisone 

(Sigma) and exhibited a cobblestone morphology once confluent (37°C, 5% CO2). NRM2 

cells were grown to confluence in 60mm cell culture dishes (BD Biosciences) and rendered 

quiescent for 24 h in 5mL of serum-free defined medium. NRM2 cells were treated with 

either NiNP (10 µg/cm2) or CBNP (10 µg/cm2, negative control) in the absence or presence 

of PDGF-BB (50 ng/ml) (R&D Systems) while untreated cells were dosed with pluronic 
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solution alone (control). The MEK inhibitor PD98059 was from (Cell Signaling) and L-NAC 

was from (Sigma). The final concentration of NiNP or CBNP was determined using the 

surface area of the cell culture dish since the particles participated out of solution easily. 

NRM2 cells were viable with all treatments at all time points therefore cell culture 

supernatants, cell lysates, and total RNA was collected for ELISA, western blot or Taqman 

real-time RT-PCR analysis, respectively. 

 

Supplementary Reference 

Choquette KA, Sadasivam DV, Flowers RA 2nd. Catalytic Ni(II) in reactions of SmI2: 

Sm(II)- or Ni(0)-based chemistry? J Am Chem Soc. 2011 133(27):10655-61.  

 

Supplementary Figure Legends 

FIGURE S1. Dose-response relationship and time course of CCL2 mRNA and protein 

expression by NRM2 cells treated with PDGF-BB. (A) CCL2 mRNA levels in NRM2 cells 

and (B) CCL2 protein levels in NRM2 supernatants 24 hr after treatment with a PDGF-BB 

concentration range. (C) Time course of CCL2 mRNA in NRM2 cells and (D) CCL2 protein 

in NRM2 supernatants after treatment with 50 ng/mL PDGF-BB. Each data set shown is 

from a representative experiment of two to three independent experiments that produced 

similar results.  

 

FIGURE S2. Dose-response relationship and time course of CCL2 mRNA and protein 

expression by NRM2 cells treated with nickel nanoparticles (NiNP).  (A) CCL2 mRNA 
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levels in NRM2 cells 24 hr after treatment with a NiNP concentration range. (B) Time course 

of CCL2 mRNA in NRM2 cells and (C) CCL2 protein levels in NRM2 supernatants after 

treatment with 10 mg/cm2 NiNP.  Each data set shown is from a representative experiment of 

two to three independent experiments that produced similar results. 

 

FIGURE S3. Time course of CXCL10 mRNA and protein expression by NRM2 cells 

exposed to nickel nanoparticles (NiNP) in the absence or presence of PDGF-BB. (A) 

CXCL10 mRNA levels in NRM2 cells treated with PDGF-BB (50 ng/ml), NiNP (10 

mg/cm2), or a combination of PDGF-BB and NiNP over a time-course. (B) CXCL10 protein 

levels in NRM2 cell supernatants at 24 hr or 48 hr following treatment with PDGF-BB, 

NiNP, or PDGF-BB plus NiNP. Each data set shown is from a representative experiment of 

two to three independent experiments that produced similar results.  
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Online Data Supplement Figures 

 

Figure S1. Dose-response relationship and time course of CCL2 mRNA and protein 

expression by NRM2 cells treated with PDGF-BB. 
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Figure S2. Dose-response relationship and time course of CCL2 mRNA and protein 

expression by NRM2 cells treated with NiNPs.  
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Figure S3. Time course of CXCL10 mRNA and protein expression by NRM2 cells 

exposed to nickel nanoparticles (NiNP) in the absence or presence of PDGF-BB. 
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GENERAL DISCUSSION 

 The growth and expansion of nanotechnology has lead to an increase in the 

production of a wide spectrum of engineered nanomaterials (ENMs) that possess unique 

physical and chemical properties. However, while ENMs are beneficial for use in a wide 

variety of applications, their novel physical and chemical properties along with their small 

size raise concerns about their potential effects on human health (1). Since inhalation is the 

major route of exposure, particularly in an occupational setting, our laboratory is interested in 

how ENMs affect the lung. We previously reported that inhaled multi-walled carbon 

nanotubes (MWCNT) exacerbate allergen-induced lung inflammation and airway fibrosis in 

mice therefore suggesting that individuals who have pre-existing lung disease are more 

susceptible to MWCNT inhalation (40). In another study, we found that the same type of 

MWCNTs could reach the subpleura of mice after inhalation exposure; a process that was 

facilitated in part by alveolar macrophage uptake and transport (17). This study also showed 

that MWCNTs caused inflammatory lesions on the mesothelial surface of the pleura and 

subpleural fibrotic lesions. Other researchers have also shown that nickel nanoparticles 

(NiNPs), the catalyst used in the manufacture of the MWCNTs we studied, induced 

pulmonary inflammation and pleural fibrosis (38, 39, 154). When compared to their micron-

size nickel counterparts, NiNPs have a higher surface energy per unit mass that can increase 

their potential to generate reactive oxygen species and alter their interactions with the 

surrounding environment. Furthermore, they have also been shown to elicit greater injury in 

the lung when compared to their bulk counterparts, demonstrating that pulmonary toxicity 

increases as particle size decreases (1, 39). Therefore, the focus of this study was to gain a 
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better understanding of the cellular and molecular mechanisms that regulate NiNP-induced 

lung diseases.  

 

Chapter 1: The T-box Transcription Factor, TBX21 (T-bet), Inhibits Airway Mucous 

Cell Metaplasia and Interstitial Fibrosis in Mice Induced by NiNPs 

 Asthma is a complex, heterogeneous disease of the airways that develops in response 

to a combination of genetic and environmental exposures (87). In our study, we decided to 

analyze the effects of NiNPs on pre-existing chronic lung inflammation by utilizing mice 

deficient in the transcription factor TBX21 (T-bet). While the classic animal model of asthma 

is induce by allergen sensitization and challenge in mice, a transgenic mouse model of 

asthma would provide us with a better understanding of the gene environment that regulates 

asthma pathogenesis. T-bet is an important transcription factor for the differentiation of 

naïve, mature T helper cells into Th1 cells through the production of interferon (IFN)-γ (88). 

When absent, T helper cells preferentially differentiate into Th2 cells in response to GATA-3 

transcription, the Th2 transcription factor (155). Interestingly, transgenic mice lacking the T-

bet transcription factor were generated and found to spontaneously display a phenotype 

similar to allergic lung inflammation in humans (89). Moreover, the airways of asthmatics 

were discovered to have diminished T-bet expression that was often associated with severity 

of the disease providing further validation for the use of T-bet-/- mice as an in vivo model of 

chronic airway remodeling (107, 108). Researchers have recognized the benefit of using 

these mice to better understand the mechanisms regulating pathogen-induced exacerbations 

in genetically predisposed asthma (104, 105). However, to our knowledge, no one has 
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studied the effects of particle inhalation on T-bet deficient airway remodeling. Therefore, our 

study was the first, to our knowledge, to investigate mechanisms of nanoparticle exacerbation 

of allergic lung inflammation using the T-bet-/- mouse model. 

 Following oropharyngeal exposure of NiNPs, we evaluated hallmark pathological 

features associated with the exacerbation of asthma such as mucous cell metaplasia, 

inflammation, and airway fibrosis. We have demonstrated for that first time that NiNPs 

induced significantly greater mucous cell metaplasia in T-bet-/- mice compared to wild-type 

mice. In asthma, mucus hypersecretion leads to increased airflow obstruction by blocking 

approximately 98% of the airways and accounting for the majority of fatal asthma cases (50, 

51). It is therefore beneficial to understand what exacerbating agents increase mucus 

production and the mechanisms controlling it in order to develop better therapeutic 

approaches. Production of the protein mucin within goblet cells of the epithelium was 

analyzed through the use of an Alcian blue/periodic acid-Schiff (AB/PAS) stain and found to 

be significantly increased in response to NiNP in T-bet-/- mice 21 days after the initial 

exposure. In combination with mucin protein expression, we also saw a similar trend in 

mucin mRNA expression for MUC5AC and MUC5B, the two most prominent mucins 

upregulated in the lung (50). They were both upregulated in T-bet-/- mice in response to 

NiNPs 21 days post-exposure. However, we did not see a significant increase in mucin 

production in the WT mice, suggesting that NiNP exposure either did not increase mucin 

production in these mice or that mucin production was not prolonged to the same extent that 

it was in the absence of T-bet. In support of our results, previous reports have determined that 

T-bet is protective against the development of goblet cell hyperplasia and mucous cell 
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metaplasia. Three separate studies showed that the overexpression of T-bet caused a decrease 

in ovalbumin (OVA)-induced goblet cell hyperplasia in addition to airway hyperreactivity 

(AHR), eosinophilic inflammation, and airway collagen (106, 109, 110). Collectively, all of 

these studies indicate that T-bet is protective in suppressing mucus production by various 

environmental stimuli, including NiNPs. 

 Inflammation, like excess mucus production, contributes to chronic airway 

remodeling associated with the pathogenesis of asthma and when exacerbated leads to 

airflow obstruction (55). We postulated that NiNPs would increase inflammation in both WT 

and T-bet-/- mice since previous studies have already determined that ultrafine nickel 

compounds (i.e. NiNPs) induce pulmonary inflammation (37, 39, 156). In addition, we 

expected to observe that NiNP-induced inflammation was exacerbated in the T-bet-/- mice. 

However, while we did observe a significant increase in inflammation in response to NiNPs 

1 day post-exposure as predicted, we did not see a difference in inflammation between the 

two genotypes. As mentioned above, other researchers have demonstrated that 

overexpression of T-bet protected against OVA-induced eosinophilic inflammation (106, 

109, 110). Similarly, we observed a decrease in eosinophil infiltration from the 

bronchoalveolar lavage fluid (BALF) of WT mice when compared to T-bet-/- mice in 

response to NiNP-induced inflammation. We found that T-bet-/- mice had elevated base 

levels of eosinophils that were exaggerated in response to NiNPs 1 day post-exposure. These 

data agree with a previous study by Finotto et al., which showed a spontaneous increase in 

eosinophilia in T-bet-/- mice (89). After 21 days, NiNPs also increased the amount of 

lymphocytes present in the BALF of T-bet-/- mice. However, NiNP-treated WT mice had a 
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different profile of inflammatory cells in BALF that consisted of macrophages and 

neutrophils. Interestingly, neutrophil-dominated inflammation is often indicative of Th17-

mediated allergic airway remodeling, a more severe phenotype of asthma, that is regulated by 

IL-17 (157).  

 Airway fibrosis, due to increased deposition of subepithelial collagen by 

peribronchiolar myofibroblasts, functionally limits dilation of the airway and restricts airflow 

that is often irreversible (158). We have previously found that MWCNTs increase OVA-

induced airway fibrosis upon inhalation and thought that it would be important to study the 

effects of NiNPs, the catalyst used in the fabrication of these specific MWCNTs (40). In 

order to evaluate the fibrotic response, we analyzed airway-associated collagen deposition. 

We found that NiNP exposure in both WT and T-bet-/- mice caused a similar increase in the 

amount of collagen produced. However, upon semi-quantitative scoring of trichrome stained 

lung sections, we observed a significant difference in the degree of interstitial fibrotic lesions 

at 21 days post NiNP exposure in T-bet-/- mice when compared to WT. Following 

oropharyngeal aspiration of NiNPs, T-bet-/- mice displayed more fibrosis in the parenchyma 

of the lungs and larger lesions that surrounded NiNP agglomerates. A previous study, using 

fibrosis resistant BALB/c mice, determined that T-bet deficiency causes exacerbation of 

bleomycin-induced interstitial fibrosis through a Th2-dominanted response (159). These 

results, in addition to our findings, support the idea that T-bet protects against the 

development of fibrosis.  

Since we observed an overall increase in NiNP-induced airway fibrosis and 

interstitial fibrosis, we measured mRNA and protein expression for the profibrotic mediators 
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IL-13 and CCL2. IL-13 has been shown to potentiate pulmonary fibrosis by promoting 

recruitment of myofibroblasts that produce collagen through a TGF-β1 dependent mechanism 

(160). CCL2, or monocyte chemoattractant protein-1, also induces fibrogenesis through the 

chemotaxis of myofibroblasts as well as by recruiting a variety of other cells to the site of 

injury such as macrophages, eosinophils, T cells, and mast cells (146, 161). CCL2 has 

previously been established as contributory to the pathogenesis of fibrosis in mice. Moore et. 

al. determined that mice deficient in CCR2, the receptor for CCL2, were protected from 

bleomycin-induced pulmonary fibrosis, thereby establishing CCL2 as a potent profibrotic 

mediator (147). T-bet-/- mice have been shown to have a Th2-mediated phenotype that 

includes elevated levels of IL-13 without sensitization and challenge from an allergen. 

However, it had not been previously determined whether CCL2 was involved in regulating 

any of the characteristics associated with T-bet deficient airway remodeling. In this study, we 

did not observe a spontaneous increase in basal levels of the IL-13 protein in the BALF. 

However, we did find that NiNPs significantly increased IL-13 protein in T-bet-/- mice 1 day 

after exposure as well as the mRNA in both genotypes. Additionally, levels of CCL2 mRNA 

and protein were also elevated in response to NiNP exposure in WT mice after 1 day but 

significantly increased in T-bet-/- mice. Furthermore, expression of CCL2 protein was 

prolonged 21 days past the initial NiNP exposure in both genotypes and further exaggerated 

in T-bet-/- mice. These findings support results from previous studies that demonstrated that 

nickel oxide nanoparticles also caused increased CCL2 protein in vivo (156, 162). Our results 

suggest that CCL2 could be mediating interstitial fibrosis development that is protected when 

T-bet is present due to the similar trend that we see in both sets of results. Moreover, CCL2 
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might also play a role in promoting allergic lung inflammation and mucin expression as well 

as it has been found increased in the airways of asthmatics and implicated in regulating 

MUC5AC and MUC5B expression (137, 139). 

Therefore, we decided that we wanted to further understand the mechanisms behind 

the exacerbation of mucin production and interstitial fibrosis seen in response to NiNP in T-

bet-/- mice. We used a neutralizing antibody to block CCL2 from binding to its receptor, 

CCR2, before and after NiNP exposure to prevent it from signaling downstream. First, we 

evaluated mucin production and mucin gene expression in NiNP exposed T-bet-/- mice in 

mice treated with either anti-CCL2 or a control monoclonal antibody, IgG2B Isotype 

Control. We expected to find that NiNP exacerbation of these features would be diminished 

in response to anti-CCL2 therapy based on the results of previous studies. Research indicated 

that neutralization of CCL2 in allergen-induced models of asthma decreased AHR, 

inflammation, and macrophage infiltration (163, 164). Results from our study showed an 

increase in mucin production in response to anti-CCL2 treatment in NiNP exposed T-bet-/- 

mice 21 days post-exposure. Interestingly, other investigators have also shown that blocking 

CCL2 signaling through the use of CCR2-/- mice also enhanced goblet cell hyperplasia in 

response to allergen exposure or fungal infection, similar to our results (143, 144).  

Additionally, we also evaluated the development of NiNP-induced interstitial fibrosis 

in response to the anti-CCL2 neutralizing antibody. Our results showed that an anti-CCL2 

mAb did not cause a significant reduction in NiNP-induced interstitial lesions in T-bet-/- 

mice, suggesting that CCL2 might not play an important role in nickel-induced lung fibrosis. 

However, neither soluble collagen nor Col1A1 mRNA levels were increased by NiNPs in T-
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bet-/- mice, indicating that the interstitial lesions not be fibrotic, but may represent chronic 

inflammation or pneumonitis. Overall, the results from the monoclonal antibody experiment 

did not support our hypothesis since it did not significantly prevent mucous cell metaplasia 

and interstitial pneumonitis as we had expected. An assessment of the monoclonal antibody’s 

activity could be performed in order to determine if the antibody operated appropriately to 

blocked and neutralized CCL2 activity. Additionally, it is interesting to note that the receptor 

for CCL2, CCR2, can also be phosphorylated by other chemokines from the CCL family 

such as CCL3 and CCL5, as previously mentioned. Therefore, even if CCL2 is neutralized 

properly, other ligands could bind to the receptor to initial downstream activity. Future 

studies could be designed to investigate how CCR2 signaling modulates airway remodeling 

in T-bet-deficient mice in response to NiNP exposure in the lung.     

To summarize, in Chapter 1, we discovered that NiNPs induce lung injury such as 

mucous cell metaplasia, inflammation, and pulmonary fibrosis. Furthermore, we determined 

that T-bet is a critical transcription factor for the protection of NiNP-induced mucin 

expression and interstitial fibrosis while CCL2 signaling contributes to fibrogenesis but 

protects against the production of mucin. In conclusion, results from our study suggest that 

asthmatic individuals deficient in T-bet could be at a greater risk of exacerbation when 

exposed to engineered nanomaterials such as NiNPs.  
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Chapter 2: NiNPs Enhance PDGF-Induced Chemokine Expression by Mesothelial Cells 

via Prolonged MAP Kinase Activation 

In addition to affecting individuals with pre-existing pulmonary disease, there are also 

concerns that NiNPs could contribute to the progression of pleural disease, which includes 

both subpleural fibrosis and mesothelioma. We have previously shown that inhalation 

exposure to MWCNTs, containing residual nickel, causes subpleural fibrotic lesions beneath 

the mesothelium, as well as pleural inflammation, due to their ability to reach the pleura (17). 

Furthermore, other studies have demonstrated that NiNPs alone can also cause interstitial and 

pleural fibrosis in vivo (38, 153, 154). Therefore, our study was designed to better understand 

the cellular and molecular mechanisms that could be contributing to the development of 

NiNP-induced inflammation and fibrosis along the pleura.  

We hypothesized that PDGF-BB, a key growth factor involved in mediating 

fibrogenesis, would modify NiNP-induced expression of CCL2, a profibrotic mediator, and 

CXCL10, an anti-fibrotic mediator indicative of injury, in cultured rat pleural mesothelial 

cells in vitro. During fibrogenesis, PDGF-BB expression is significantly increased in alveolar 

macrophages, which engulf MWCNTs and migrate to the pleura where they accumulate and 

communicate with mesothelial cells (17, 130). Additionally, pleural mesothelial cells are also 

a source of PDGF-BB as demonstrated in response to asbestos exposure and injury (150, 

151). Therefore, in order to test this hypothesis, we used cultured rat pleural mesothelial cells 

to determine how PDGF-BB modifies the effects of NiNPs in vitro (165). Carbon black 

nanoparticles (CBNPs) served as a negative control throughout this study to demonstrate that 
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the results produced in response to NiNPs were not elicited primarily based on size of the 

particle. 

According to the manufacturer, the NiNPs we purchased were composed of a nickel 

purity of 99.9%, spherical in shape, and had an average diameter size of 20 nm. A previous 

study verified that these NiNPs were a pure metal nanoparticle by characterizing them as 

having an oxidation state of zero (0) (166). We began by determining the cellular effects of 

NiNPs on rat pleural mesothelial cells (NRM2 cells) using transmission electron microscopy 

(TEM). TEM images revealed that NiNPs and CBNPs dispersed in a 0.1% pluronic solution 

formed agglomerates, even after sonication, and were taken up within membrane-bound 

vesicles of the cell. Additionally, both nanoparticles retained their spherical shape after 

phagocytosis. This observation, combined with the NiNPs’ oxidation state, suggests that 

there is no dissolution of nickel ions that would cause any biological effects. Therefore, the 

results that we observed in this study are mostly likely because of the large surface area of 

the nanoparticle that increases reactivity when nickel is nanosized. 

 Expression of the chemokines CCL2 and CXCL10 were analyzed in response to the 

combination of PDGF-BB and NiNPs in NRM2 cells. CCL2 was measured due to the role it 

plays in the development of fibrosis. As previously mentioned, CCL2 can be produced by 

alveolar macrophages or pleural mesothelial cells in response to injury to begin generating 

extracellular matrix for wound healing (146). Overexpression or prolonged expression of 

CCL2 stimulates fibroblasts to increase collagen expression by induction and activation of 

TGF-β1 (146, 150, 167). Additionally, expression of CXCL10 was also analyzed even 

though it has been suggested to be protective against fibrogenesis (147). Although 
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researchers have found that transgenic mice lacking the ability to induce CXCL10 signaling 

have exaggerated pulmonary fibrosis, it is increased as a result of injury and inflammation 

(168, 169). CXCL10 is increased by mesothelial cells during inflammation and recruits 

inflammatory cells such as fibroblasts to the site of injury (170, 171). It is therefore important 

to understand how each of these chemokines are regulated since they have important 

functions in the development and resolution of pleural fibrosis.  

In order to determine the appropriate dose of PDGF-BB and NiNPs, as well as the 

correct time point, a dose response and time course was determined for each by evaluating 

CCL2 levels and CXCL10 expression. Once established, NRM2 cells were treated with 

either 10 µg/cm2 of NiNPs or CBNPs in the absence or presence of PDGF-BB at 50 ng/ml 

and collected at the appropriate time point that coincided with the specific assay. Our 

preliminary results revealed that PDGF caused a transient increase in CCL2 while NiNPs 

prolonged its expression. Interestingly, the combination of the two, PDGF and NiNPs, caused 

a significant synergistic increase in CCL2 mRNA and protein expression by 24 hours. 

Similar to CCL2, PDGF initially increased CXCL10 levels while NiNPs sustained 

expression. Additionally, CXCL10 mRNA and protein was synergistically increased in 

response to the combination of the two. Furthermore, CBNPs with or without PDGF-BB did 

not significantly increase either CCL2 or CXCL10 mRNA or protein suggesting that the 

results observed in response to NiNPs were not merely because of the size of the particle. 

Our findings indicate that there could be potentially important interaction between 

endogenous growth factors and environmental exposures for the progression of subpleural 

fibrosis or even other pulmonary diseases. 
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Once we found that PDGF and NiNPs synergistically increased CCL2 and CXCL10, 

we wanted to determine the signaling intermediates that was involved in mediating their 

expression. PDGF-BB binds to the extracellular domain and dimerizes PDGF-Rα and/or 

PDGF-Rβ to form the functional receptors, PDGF-Rαα, PDGF-Rββ, or PDGF-Rαβ (127). In 

our study, PDGF-BB induced phosphorylation of PDGF-Rβ and not PDGF-Rα. Furthermore, 

NiNPs did not alter phosphorylation of the receptor suggesting that it is involved in signaling 

mechanisms that occur downstream of PDGF-Rβ. Extracellular signal-related kinase 

(ERK1,2) is a classical mitogen-activated protein kinase (MAPK) that often signals 

downstream from PDGF in response to phosphorylation from the receptor’s intracellular 

domains. ERK1,2 signaling is involved in regulating a wide variety of cellular activities 

including proliferation, differentiation, and survival, which are dependent on duration of the 

signal and cell type (172, 173). Therefore, we evaluated ERK1,2 phosphorylation in response 

to PDGF and NiNP exposure. Western blot analysis revealed that NiNPs prolonged PDGF-

induced ERK1,2 phosphorylation suggesting that ERK1,2 stabilization was contributing to 

the synergistic expression of CCL2 and CXCL10.  

In order to determine if sustained ERK1,2 phosphorylation was involved it regulating 

CCL2 and CXCL10 levels, we pre-treated the NRM2 cells with a MEK inhibitor, PD98059, 

to block ERK1,2 activity. Using a MEK inhibitor prevents phosphorylation of the MAP 

kinase cascade by binding to the inactive forms of MEK1,2 and inhibiting its activation. 

MEK1,2 is a MAPK kinase (MAPKK) signals upstream of ERK1,2 and activates it through 

phosphorylation (174). We found that blocking ERK1,2 from being phosphorylated in 
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NRM2 cells significantly inhibited PDGF plus NiNP-induced expression of both CCL2 and 

CXCL10, thereby validating the involvement of ERK1,2 in the signaling pathway. 

 Nanoparticles have been shown to increase the generation of reactive oxygen species 

(ROS) due to their small size and larger surface area reactivity. Furthermore, nano-sized 

metals are thought to generate additional ROS due to the presence of the metal on the surface 

of the particle (1). NiNPs, in addition to micron-sized nickel, have previously been shown to 

induce the generation of ROS, such as hydrogen peroxide and oxygen radicals (175, 176). In 

the cell, the presence of ROS often creates a hypoxic environment that leads to the 

stabilization of hypoxia-inducible factor (HIF)-1α, a biomarker of oxidative stress (177). We 

hypothesized that HIF-1α protein would be stabilized in response to NiNP exposure to 

further influence CCL2 and CXCL10 expression. Our results revealed a statistically 

significant effect from NiNP exposure on HIF-1α in NRM2 cells. Furthermore, the addition 

of PDGF to NiNP exposure significantly enhanced the expression of HIF-1α. Since NiNPs 

and PDGF also had a combined effect on ERK1,2 phosphorylation that lead to the synergistic 

increase of CCL2 and CXCL10, we wanted to determine if ERK1,2 was involved in HIF-1α 

stabilization. After treating the cells with the MEK1,2 inhibitor to block ERK1,2, we 

observed that the MEK1,2 inhibitor prevented PDGF from enhancing NiNP-induced HIF-1α 

expression but not induction of HIF-1α by NiNPs alone. Therefore, our results suggested that 

PDGF enhancement of NiNP-induced HIF-1α was ERK-dependent, while NiNP-induced 

expression of HIF-1α was ERK-independent. Additionally, our data support results from a 

previous study that also demonstrate that the stabilization of HIF-1α can be regulated by 

ROS-induced ERK phosphorylation in rat pleural mesothelial cells (178). 
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Although HIF-1α is indicative of oxidative stress, further analysis of NiNP-induced 

ROS mediated HIF-1α needed to be determined. Therefore, we decided to pretreat the NRM2 

cells with an antioxidant, N-acetyl-L-cysteine (NAC), prior to exposure of NiNPs and PDGF 

in order to increase free radical scavengers that would decrease the generation of ROS 

production. Western blot analysis revealed that treatment with NAC significantly decreased 

HIF-1α protein levels after exposure to NiNPs alone or in combination with PDGF. ERK1,2 

phosphorylation, as well as CCL2 protein levels induced by the combination of NiNPs and 

PDGF, were also significantly reduced in response to NAC treatment. However, due to the 

cytotoxicity of NAC past 24 hours, the effects of NiNPs and PDGF on the expression of 

CXCL10 could not be evaluated since it was analyzed at 48 hours post-exposure instead of 

24 hours like CCL2. Pretreatment of NRM2 cells with NAC indicated that ROS is involved 

in mediating NiNP induction of HIF-1α while also contributing to PDGF plus NiNP 

phosphorylation of ERK1,2 and CCL2 expression. Moreover, NAC had no effect on PDGF-

induced CCL2 and only partially reduced its expression after PDGF and NiNP exposure. 

Together our results indicate that ROS-dependent and independent signaling occurs to 

synergistically increase HIF-1α stabilization, ERK1,2 activation, and chemokine expression. 

Our laboratory has previously determined that MWCNTs, containing residual nickel, 

induce subpleural fibrosis and inflammation after inhalation exposure (17). Additionally, we 

have also demonstrated that macrophages are a significant source of PDGF-BB in response 

to MWCNT exposure (40). Our present findings are highly relevant to both of our previous 

studies since we revealed that cultured mesothelial cells increased CCL2, a monocyte 

chemoattractant chemokine, in response to NiNP and PDGF exposure. Increased CCL2 
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levels from mesothelial cells could explain why there was an increase in MWCNT-

containing macrophages migration and accumulation to the subpleura in vivo. Furthermore, 

while Ryman-Rasmussen et. al. observed inhaled MWCNTs in the subpleural wall after 14 

weeks, there was a decrease in subpleural fibrosis compared to the response that was seen 

earlier from 2 to 6 weeks. In our study, in response to NiNPs and PDGF in cultured pleural 

mesothelial cells, we observed an increase in CXCL10, an anti-fibrotic chemokine that could 

contribute to the resolution of fibrosis. To summarize, our findings demonstrate how the 

combination of PDGF-BB, a pro-fibrotic growth factor, and NiNPs alters cellular signaling in 

rat pleural mesothelial cells. In response to injury by NiNPs, PDGF-BB acts as a critical co-

activator to synergistically induce expression of chemokines involved in the development of 

pleural fibrosis through prolonged ERK phosphorylation and ROS generation. 

 

General Conclusions 

Both of these studies are important in order to better understand the mechanisms that 

regulate NiNP-induced exacerbation of pulmonary diseases such as allergic airway 

remodeling and pleural inflammation. While researchers have previously established nickel 

as an asthmagen, our study is the first to analyze the effects of nanosized nickel in pre-

existing lung inflammation (152). Currently, there are approximately 170 million people 

being exposed to ambient ultrafine nickel particulates, however with the substantial growth 

of the nanotechnology industry that number is expected to increase dramatically over the 

next few years (26). Therefore, it is important to understand how NiNPs, as well as other 

engineered nanomaterials, affect susceptible populations in order to protect those at the 
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greatest risk. Additionally, there are concerns that NiNPs could cause idiopathic pulmonary 

fibrosis and pleural fibrosis upon inhalation due to the nanomaterial’s unique physical and 

chemical properties as well as its high surface area per unit mass. However, because the 

nanotechnology industry is its early stages, there still is not any epidemiologic data showing 

that ENMs cause fibrogenic or carcinogenic effects in humans. Nevertheless, nanosized 

metals, such as NiNPs, represent a unique risk to human health since their micron-sized 

counterparts are known to induce lung disease (2, 38, 176). Therefore, precautionary 

measures should especially be taken into consideration when it comes to exposure of metal 

nanomaterials (2).  

In summary, our in vivo study established that NiNP exposure in the lung could 

increase inflammation, fibrosis, and mucin production. Furthermore, it demonstrated that 

NiNPs exacerbate interstitial pulmonary fibrosis and mucous cell metaplasia in pre-existing, 

T-bet deficient, allergic airway inflammation implicating that the transcription factor, T-bet, 

is necessary to protect against NiNP-induced injury. Future studies could be designed to 

compare the effects of micron-sized nickel particles to NiNP in the lung in order to better 

assess the toxicity of the nanoparticles. Furthermore, analyzing studies for longer time points 

and exposing mice to NiNPs through inhalation rather than oropharyngeal aspiration could 

also be important to better understand lung diseases such as pleural fibrosis and 

mesothelioma. Additionally, in vitro experiments using established rat pleural mesothelial 

cells revealed that NiNPs act together with the pro-fibrotic growth factor, PDGF-BB, to 

synergistically increase CCL2 and CXCL10 chemokines through prolonged ERK1,2 

phosphorylation and ROS-dependent HIF-1α stabilization. Additionally, further analysis of 
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the role that HIF-1α plays should be analyzed in order to better understand how it alone can 

also regulate CCL2 and CXCL10 production. These results suggest that PDGF-BB is a 

critical co-activator that potentiates NiNP-induced cellular mechanisms that could contribute 

to the development of pleural fibrosis. All together, we have established critical regulatory 

cell signaling mechanisms involved in the exacerbation of allergic airway inflammation and 

pleural fibrosis induced by NiNP injury. The research is important for understanding the 

relative risk of NiNPs, compared to other nanoparticles, to guide regulatory agencies in 

making decisions regarding the safe production and use of NiNPs to prevent occupational, 

environmental or consumer exposures. Furthermore, identifying key features involved in the 

progression of these diseases is vital for the development of effective therapies. Overall, we 

are hopeful that our research will help to better understand the extent in which ENMs can 

cause harm in order to prevent future exposures that could induce disease.   
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