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AP-1 Activator protein-1 
AEC Alveolar epithelial cell 
AIM2    Absent in melanoma 2  
ALR AIM2-like receptor 
AM Alveolar macrophage 
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IL-1R     Interleukin 1 receptor  
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IL-1β      Interleukin 1β  
IκB               I kappa B kinase 
JNK              c-jun N-terminal kinase 
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NLRC4  NLR with a CARD domain 4 
NLRC5  NLR with a CARD domain 5 
NLRP1     NLR with a pyrin domain 1  
NLRP10     NLR with a pyrin domain 10 
NLRP12  NLR with a pyrin domain 12 
NLRP3     NLR with a pyrin domain 3  
NLRP6     NLR with a pyrin domain 6  
NLRP7     NLR with a pyrin domain 7 
NOD      Nucleotide-binding oligomerization containing domain  
P2X7 Purinergic receptor P2X, ligand-gated ion channel, 7 
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GENERAL INTRODUCTION 
Inhalation is a vital process for all human life. By definition, inhalation is an active or 
voluntary drawing of air (and its contents) from the external environment, through the 
airways, and into the alveoli via nose or mouth. Since environmental air is mostly unfiltered, 
inhalation of these other contents can swing back with unfavorable consequences. The variety 
and range of pulmonary and systemic abnormalities that environmental exposure by 
inhalation of substances such as cigarette smoke, air pollutants and allergens but also asbestos 
and silica can cause, is vast. Pneumoconiosis refers to a range of diseases that are caused by 
the inhalation of organic and non-organic dusts which are then retained in the lung. 
Documentation on exposure to mineral dust particles from occupational and environmental 
sources and their associations with pulmonary abnormalities, including fibrotic lung disease, 
is present since the 1500s. The resultant severity of pulmonary disorders depends on the 
susceptibility of lungs; size, concentration, solubility and fibrogenic properties of the inhaled 
particles; and duration of exposure. Inflammatory signaling is an overlapping hallmark in the 
developmental process of asbestos and silica-induced diseases. Upon inhalation, toxic 
particulates initially interact with the epithelial cells lining the respiratory tract and with 
resident macrophages. Upon interaction and engulfment of particles macrophages are 
stimulated and accompanied with the activation of intracellular danger sensors, such as the 
inflammasome, many proinflammatory mediators, fibrogenic factors, reactive oxygen and 
nitrogen species are released. This has paracrine effects on the epithelium and promotes 
further inflammatory cell recruitment as well as fibroblast proliferation. Generally, it is 
believed that macrophages are the critical mediators in the onset and fueling of the 
inflammatory processes although in recent years a much larger role has been attributed to the 
epithelium as being far less passive in its contributions to the inflammatory cascade and the 
disease development. Evidence is now suggesting that epithelial cells are important barrier 
building blocks that actively cooperate with neighboring cells to mediate innate inflammatory 
responses upon dust exposures. Activated molecular patterns upon contact of epithelium with 
silica and asbestos as well as the characterization and understanding of the epithelial cell as a 
danger sensor in vitro and in vivo are the general concepts that will be investigated in this 
thesis. 
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THESIS OUTLINE  
Both types of pneumoconiosis, asbestosis and silicosis, eventually drastically diverge in the 
pathological presentation or phenotypical outcome, regardless of the prolonged chronic 
inflammation induced by both minerals. The objective to create a state of the art review with 
respect to definition, history, physicochemical background and presentation as well as 
possible molecular explanations on the pathogenesis is assessed in Chapter 2. However, the 
exact reason why these two interstitial lung diseases show such a distinct histopathological 
phenotype and if there is a role for the epithelium in this specifically altered disturbed defense 
mechanism remains largely unknown.  
 
Therefore, the aim was to demonstrate if early and intrinsic divergent molecular mechanisms 
in epithelial cells could lead to distinct aspects of proliferation and cancer development by 
asbestos fibers. And on the other hand, if chronic inflammatory signaling pathways induced 
by silica, could be predominantly associated with remodeling and fibrosis. In Chapter 3 gene 
profiling was used to examine commonalities and differences in response of normal human 
bronchial epithelial cells to crocidolite asbestos or cristobalite silica in vitro. 
 
In Chapter 4 it was determined if the degree and magnitude of these responses in vitro could 
be predictive in determining the pathogenicity associated with the crystallinity of potentially 
harmful particulates. Here, robust microarray profiling was utilized to assess the extent of 
changes in gene expression followed by comparing responses cytokine production in human 
lung epithelial cells exposed to pathogenic crystalline vs. amorphous silica.  
 
Innate immune activation through sensing of asbestos and silica by the inflammasome in vivo 
was previously demonstrated. However, only myeloid cells were investigated with no further 
focus on the epithelium in vitro neither an attempt was made to localize the inflammasome in 
this in vivo model as well as in other animal models for silicosis. Large surface areas in many 
organs in contact with the environment, such as the epithelium, actively contribute to combat 
unwanted and potentially harmful influences leading to inflammation. Therefore, literature 
evidence that underscores a role for epithelial inflammasome signaling and immune 
homeostasis in mucosal barriers was reviewed in Chapter 5. 
 
From the gene expression profiling in Chapter 3 we found indications of patterns associated 
with inflammasome signaling upon impingement of respirable silica in bronchial epithelial 
cells in vitro. This was further elaborated on in Chapter 6. Here became investigated if in 
these epithelial cells silica was sensed by the inflammasome and if, with respect to the disease 
phenotype of interstitial fibrosis, silica-induced functionality of this protein complex could 
have effect on proliferative capacity of fibroblasts. 
 
In order to extrapolate our findings to an in vivo model exposure to different crystalline silica 
polymorphs on lung epithelial cells was tested in Chapter 7. Additionally, the objective was 
to demonstrate if impaired pulmonary function was associated with inflammasome-dependent 
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inflammatory and fibrotic remodeling of lung tissue of rats exposed to silica in a surface 
reactivity dependent manner. 
 
Chronic inflammation and fibrosis are typical hallmarks of silicosis. In order to translate 
research findings into clinical and patient outcomes, in Chapter 8, the aim was to localize 
various inflammasome-related proteins in healthy lung tissue, and further to determine the 
presence and functional activity of this danger sensor in the lung tissue of miners that 
developed silicosis compared to miners that did not.  
 
Chapter 9 provides general discussion of thesis and outlines directions for future research. 
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GLOSSARY  
Asbestosis: a pulmonary fibrosis associated with exposure to asbestos and characterized by 
diffuse thickening of the interstitium of the lung. 
Granulomas: small, well-organized nodules consisting of epithelioid macrophages and 
multinucleated giant cells found in chronic silicosis.  
Inflammasome: a multi-protein cytoplasmic structure comprised of a NLRP or NALP3 
domain, adapter protein complexes, and pro-caspase-1. Activation of the inflammasome 
causes activation of caspase-1 and release of mature interleukins-1 (IL-1), IL-18 and IL-33 
from phagocytic cells, such as monocytes or macrophages, and bronchial epithelial cells.  
Lung interstitium: the interior supporting structure of the lung comprised of matrix materials 
and surrounded by epithelial lining cells in individual respiratory units. 
Phagolysosome: an intracellular vacuolar structure encompassing phagocytized fibers or 
particles after fusion with lysosomes. 
Pneumoconiosis: a general term for fibrotic diseases of the lung occurring after exposure to a 
number of silicates or dust mixtures.  
Silicosis: a group of interstitial lung diseases associated with exposure to crystalline silica and 
assuming several pathologies including alveolar proteinosis (filling of airspaces with 
lipoproteins), simple and chronic nodular disease.  
 
SUMMARY POINTS 
1. Asbestosis and silicosis are occupational diseases of the lung interstitium characterized by 
early epithelial injury and hyperplasia, accumulation of cells of the immune system, and the 
development of fibrogenesis. Once established, these diseases can progress in the absence of 
further exposures to asbestos fibers or silica particles. These particulates exist in different 
physicochemical forms that may be modified by interactions with other minerals or elements 
such as iron in the lung.  
2. The pathological presentation of asbestosis vs. silicosis is complex and unique. The 
severity and extent of lesions may reflect initial deposition and durability of particulates, host 
susceptibility factors such as impaired clearance by smoking or infection, and immune 
responses governing lung repair. The intensity and duration of exposure as well as sites of 
accumulation of particulates also appear to play roles in governing susceptibility, 
development, and progression of lung disease. 
3. Early epithelial cell injury, hyperplasia and/or repair after inhalation of these pathogenic 
particulates are becoming more apparent as critical features of response. Cross-talk between 
epithelial cells, alveolar macrophages and other cells of the immune system, and fibroblasts 
occurs via production of ROS/RNS, cytokines and chemokines. A critical mechanism sensing 
asbestos or silica as “danger signals” is the inflammasome which has been well-characterized 
in monocytes and macrophages, but less so in lung epithelial cells which also internalize 
particulates and have a functional inflammasome response. 
4.  Fibrogenesis is a complex process that involves components of the extracellular matrix that 
may be chemotactic towards inflammatory cells and fibroblasts. Circuitry between these cell 
types may lead to increases in fibroblast proliferation, collagen metabolism, disruption of 
epithelial and endothelial cell basement membranes, and aberrant ECM remodeling by cross-
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linking of collagen and reticulin fibers. An imbalance between MMPs and TIMPs promotes 
breakdown or increased production of matrix components. 
5. The reasons for the different pathological presentation of asbestosis vs. silicosis may be 
related to initial responses of lung epithelial cells and can be dissected using modern 
techniques in molecular and protein biology. For example, different genes are over-expressed 
or under-expressed in response to crystalline silica or asbestos. Gene profiling studies also 
reveal common trends in expression of genes known to be critical to fibrogenesis. These 
changes, as well as release of cytokines and chemokines from epithelial cells, the cell types 
first encountering asbestos or silica after inhalation, are less striking after exposures to 
amorphous silica. 
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INTRODUCTION 
Exposure to naturally occurring airborne particulates from occupational and environmental 
sources is associated with a number of pulmonary abnormalities including fibrotic lung 
disease due to exposure to a number of distinct silicates. Originally, these diseases were 
referred to as pneumoconioses, a term collectively encompassing kaolinosis, talcosis, coal 
workers pneumoconiosis, etc., and categorized by workplace histories as well as accumulation 
of the respective minerals (kaolin, talc, coal mine dust, beryllium, hematite) in the lung.  Of 
major concern both historically and presently is the inhalation of the known pathogenic 
minerals, crystalline silica and asbestos, distinct minerals with a number of polymorphs 
(Table 1) that are associated with the development of asbestosis and silicosis, irreversible and 
debilitating diseases developing in the lung interstium. Here, we focus first on the mineralogy 
and physicochemical characterstics of silica and asbestos types. Secondly, we describe the 
pathogenesis and distinctive features of these lesions including the cell types and products 
contributing to their development. Lastly, we emphasize common features and culprits of 
inflammation and fibrogenesis such as reactive oxygen and nitrogen species (ROS/RNS) and 
elaboration of cytokines and chemokines. Lastly, we present mechanistic data emphasizing 
unique gene and cytokine expression patterns that may explain the different histologic 
presentation of fibrotic lesions caused by silica and asbestos types. 
 
Table 1: Types and polymorphs of asbestos and crystalline silica. 

Asbestos 
Serpentine 
Chrysotile*:   Mg6Si4O10(OH)8  
Amphiboles 
Crocidolite*: (Na2(Fe3+)2(Fe2+)3Si8O22(OH)2 
Amosite*: (Fe,Mg)7Si8O22(OH)2 
Tremolite: Ca2Mg5Si8O22(OH)2 
Anthophyllite*: (Mg,Fe)7Si8O22(OH)2 
Actinolite: (Ca2(Mg,Fe)5Si8O22(OH)2 
  
Crystalline Silica Polymorphs: (all SiO2) with small percentages of other elements  
Quartz*  
Cristobalite* 
Tridymite 
Stishovite 
Moganite 
Coesite 
Melanophlogite 
*= Of present or past commercial  value       

 
 
 
 



Chapter 2 – Pathobiology of Pneumoconiosis 

 
24 
 

MINERALOGY, CHEMISTRY, AND OTHER PROPERTIES OF ASBESTOS AND 
SILICA LINKED TO FIBROGENICITY 
Ironically, silica or silicon dioxide (SiO2), is a mineral comprised of the two elements that 
account for the majority of the earth’s crust. Sandblasting, hammer drilling, and tunneling 
were occupations of concern associated with inhalation of fibrogenic crystalline silica since 
the mid-1800s.  Three forms of silica are considered to be of risk to human health (i.e. alpha 
quartz, cristobalite, and tridymite). Alpha quartz, hereafter referred to as quartz, is 
accountable for the majority of occupational exposures worldwide, as it is found in abundance 
in granite, sandstones, and most common types of rock. Little attention has focused on 
tridymite because of its rarity and lack of commercial value, whereas cristobalite, like 
tridymite, is formed from quartz at high temperatures in refractories and from diatomaceous 
earth. In contrast to these crystalline polymorphs, amorphous silica is less toxic and fibrogenic 
in experimental animals and man. 
 
‘Asbestos’ is a commercial term for a number of both chemically and physically distinct 
silicate fibers (defined as having a greater than 3 to 1 length to diameter ratio (Table 1).  
Overall, they have been exploited worldwide in over 2000 industrial uses and occur in distinct 
localities. For example, chrysotile asbestos, the only member of the serpentine group of fibers, 
has been mined predominately in the Northern hemisphere, including the USA, Canada, and 
Russia. This type of asbestos accounts for over 95% of that used historically worldwide. In 
contrast, the amphibole group of asbestos encompasses 5 fiber types of which crocidolite and 
amosite have predominated in terms of their use and potency, especially in a unique asbestos-
associated tumor, mesothelioma . They have been mined in Africa and Australia, among other 
countries, and were imported into the US and Britain during World War I and II. Amosite also 
exists in lungs of the US insulation workers, the largest occupational asbestos-associated 
cohort in the US, despite the fact that these workers were exposed predominately to 
chrysotile. These and studies with crystalline silica point to the common occurrence of mixed 
lung lesions and the importance of durability of crystalline silica and amphibole asbestos 
types.  High acute and occupational exposure to crystalline silica dust or asbestos fibers is still 
a hazard worldwide in a number of third world countries where sandblasting, quarrying, 
abrasive blasting, construction, foundry work, ceramics, diatomaceous earth processing, and 
various types of mining are performed in the absence of permissible exposure levels. 
However, most countries have banned the commercialization, importation and use of 
asbestos, primarily due to its history in the induction of both lung cancers and mesothelioma.  
 
CLEARANCE AND DEPOSITION OF SILICA PARTICLES AND ASBESTOS 
FIBERS IN THE LUNG 
Upon the crushing, cutting and grinding of minerals and during their processing, respirable 
dust is created and inhaled. Silica particles, especially those with a diameter >10 μm, are 
trapped in the upper airways and removed by mucociliary mechanisms. However, at high 
concentrations termed “overload”, a fraction of the inhaled dust evades these clearance 
mechanisms. Particles or fibers < 5 μm in diameter are thought to be most pathogenic, as they 
make their way to alveolar ducts and the alveoli. Their injury and interaction with a number of 
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cell types, including epithelial cells that line the surface of the lung and alveolar macrophages 
(AMs) which accumulate at sites of particle or fiber deposition, initiates persistent 
inflammation and triggers fibrogenic responses described in detail below. In addition, long 
thin fibers, particularly amphibole types of asbestos, can align themselves with airways and be 
carried into the distal lungs. Some research suggests that fibers penetrate intercellularly 
through the epithelium or are transported into the interstitium of the lung by accumulating 
macrophages and neutrophils. Regardless, the accumulation and amounts of minerals over 
time are linked to the development of silicotic nodules and diffuse interstitial fibrosis 
associated with high asbestos exposures. Research on patients exposed to a number of 
silicates suggests that particles and fibers are translocated to the periphery of the lung over 
time. It is also widely acknowledged that chrysotile fibers can break down in the lung into 
smaller fibrils, a process facilitated by the acidic pH of phagolysosomes, intracellular 
structures encompassing fibers after cell uptake. 
 
PATHOLOGICAL PRESENTATION AND DIAGNOSIS OF SILICOSIS AND 
ASBESTOS 
Silicosis 
Acute silicosis, or silico-proteinosis, rapidly develops in just a few months to a few years after 
initial exposure to silica dusts, and is usually seen after high exposures to freshly fractured 
dusts as in sandblasting and abrasives. Patients usually present with extreme shortness of 
breath and rapid decreases in respiratory function. Acute silicosis presents with excessive 
protein-rich, eosinophilic exudates in the alveolar space, interstitial inflammation, and the 
development of pulmonary lesions.  Similar to the acute form of silicosis, accelerated silicosis 
presents with pulmonary edema and inflammation, as well as granuloma formation, alveolar 
epithelial cell hyperplasia, and collagen-rich silicotic nodules. Acute and accelerated silicosis 
have a rapid onset. In contrast, chronic silicosis (simple), a latent, more severe form of 
pulmonary fibrosis, can develop anywhere from 10 years to multiple decades after initial 
exposure. The hallmark of disease is the presence of characteristic silicotic nodules, which are 
distinctive lesions of acellular, concentric collagen fibers, surrounded by fibroblasts, immune 
cells, and connective tissue (Figure 1). Often, use of polarized light microscopy on tissue 
sections reveals weakly bi-fringent silica particles within nodules and surrounding dust-laden 
cells. Lesions in simple silicosis, are ≤ 1 cm in diameter and can be seen as distinct opacities 
on chest CT scans.  In addition, patients tend to have signs of airflow obstruction via 
spirometry analyses. Simple silicosis can progress to conglomerate silicosis in which the 
characteristic nodules grow and coalesce with others to form larger silicotic nodules that 
continue to progress to a growth of ≥ 2 cm in diameter.  This results in progressive massive 
fibrosis (PMF), an extremely severe form of disease with destruction of the normal respiratory 
architecture and rapid diminshment of proper lung function of which there is no known cure. 
In silicotuberculosis,silicotics tend to have increased susceptibility to respiratory infections 
(e.g. M. tuberculosis), as well as other mycobacteria, and respiratory pathogens. 
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Figure 1:  Histological presentation of silicosis and asbestosis. (a) A circumscribed white-gray, 
acellular silicotic nodule. The nodule, which contains silica and some carbonaceous material, is 
surrounded by a cellular capsule comprised primarily of AMs and other cell of the immune system. X 
200; (b) Progressive massive fibrosis illustrated by coalescence of two acellular nodules. Note thick 
layer of ECM to left of nodules as well as cellularity and particle deposition to the right. X 1000; (c) 
Advanced asbestosis in which increased ECM occurs diffusely throughout the lung. Note the 
occasional bronchioles and airspaces filled with inflammatory exudates. X 200; (d) Complete 
obliteration of an asbestotic lung by ECM. This illustration also shows marked accumulation of 
interstitial inflammatory cell types and asbestos (ferruginous) bodies that are copper-colored and 
represent fibers coated with iron. X  600. All illustrations were kindly provided by Kelly Butnor, MD, 
a board-certified pathologist at the University of Vermont.   
 
Asbestosis 
The severity of asbestosis depends on the type and duration of exposure as shown in various 
cohorts of asbestos workers, the concentration of dust in the work place, and the fiber 
‘burden” or amount in the lung. Often disease is clearly evident on gross examination of 
lungs, and is chronic and progressive. In contrast to silicosis that occurs more proximally in 
the lung, asbestosis arises most often in the lower lobes, observations that may reflect 
differences in initial deposition or accumulation of each particulate. Early lesions are thought 
to reflect thickened walls of respiratory bronchioles with only occasional involvement of 
pulmonary units and discrete foci with accumulations of asbestos bodies, i.e. iron-coated or 
ferruginous bodies thought to represent accumulation of hemosiderin from macrophages on 
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long, primarily amphibole fibers. Whether this is a protective or destructive mechanism 
integral to lung injury is unclear. However, diagnosis of asbestosis requires demonstration of 
both asbestos bodies and histologic demonstration of fibrosis. As lung disease progresses, the 
pulmonary subunits are affected in a radial fashion, and scarring progresses, obliterating 
airspaces with fibrotic tissue. Often asbestosis is detected by radiology or computer 
tomography (CT), less invasive techniques, and grading systems for the severity and extent of 
abnormalities have been developed by pathologists and radiologists.   
 
Animal Models of Asbestosis and Silicosis 
Insights into the pathogenicity and elucidation of cellular and molecular responses to silica 
and asbestos largely stem from experimental animal models. These studies indicate that both 
silica and asbestos induce a rapid inflammatory response.  The concentrations, lengths and 
methods of exposure as well as surface area characteristics of particles and fibers are critical 
determinants in the development and progression of disease.  Rats appear to be the most 
commonly used animal species for studying asbestos- and silica-induced effects because of 
their propensity to develop fibrogenicity and lung cancers. However, their short life span does 
not reflect important differences in fiber or particle durability that are thought to be important 
in the long latency periods of human disease.  Both silicosis and asbestosis can be induced by 
intratracheal instillation, nasal or oropharangeal aspiration or by inhalation of mineral 
particles. Since the former methods of exposure bypass normal clearance mechanisms 
occurring after inhalation, different patterns and mechanisms of inflammation and disease 
have been observed in these models. For example, whereas apoptosis, i.e. programmed cell 
death, predominates in instillation models, a number of anti-apoptotic markers occur in lung 
after inhalation of silica, suggesting mechanisms of lung defense.  Increased expression of 
antioxidant enzymes, particularly the mitochondrial superoxide dismutase, SOD2, are also 
observed in type II epithelial cells after inhalation of either asbestos or silica.  These 
presumed defense mechanisms occur before the advent of fibrogenic lesions and persist for 
many months after cessation of exposures. Increased expression and elaboration of pro-
inflammatory cytokines occur earlier in an intratracheal instillation model of acute silica 
exposure, but were biphasic and less pronounced in an inhalation model of chronic silicosis. 
 
Silica-induced lung fibrosis in rats is strongly related to chronic inflammation and can be 
ameliorated by treatment with anti-inflammatory agents. This process encompasses the 
activation of alveolar macrophages and enhanced humoral and cell-mediated immunities. Rats 
exposed for 3 to 6 months typically show aggregates of macrophages appearing at interstitial, 
subpleural, and peribronchiolar locations. These changes occur parallel with septal 
remodeling, granulomatous lesions and focal fibrosis. Furthermore, enlarged lymph nodes 
with associated increases in lymphocyte numbers have been described. Intratracheal 
administration of silica results in increased levels of cell adhesion molecules in lung tissue as 
well as in BALF fluid of mice, followed by a marked neutrophil influx to the lung. Mice 
exposed to silica have a massive inflammatory response with proinflammatory cytokines and 
chemokines as key contributors of the pathogenesis. Silica-induced nuclear factor kappa B 
(NF-κB) dependent gene expression in vivo through the use of luciferase reporter mice 
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exposed to quartz. Systemic inhibition of NF-κB activation using a pharmacologic inhibitor of 
IκB alpha phosphorylation decreases silica-induced inflammation, immune cell recruitment 
and collagen deposition. Recently, recruitment of IL-17A-producing T cells in the lung 
mediated by macrophage-derived IL-23, has been associated with experimental silicosis 
induced by intratracheal instillations in mice. This study indicates that acute alveolitis induced 
by silica is IL-17A dependent. However, several studies report that exacerbated lung 
inflammation is not always followed by increased lung fibrosis, emphasizing the importance 
of lung defense mechanisms.  
 
Cellular and molecular mechanisms of asbestosis and silicosis 
Reactive oxygen and nitrogen species (ROS/RNS) 
Quartz exposure by intratracheal injection elicits increased ROS production in lung tissue 
compared to rats receiving nonpathogenic titanium dioxide. Introduction of free radical 
scavengers, including antioxidant enzymes, in this model and in inhalation studies using 
asbestos prevent lung injury, inflammation and fibrogenicity. Thus, the enhanced formation of 
ROS can be considered as a primary event in disease development. Oxidants also are 
produced in abundance by freshly fractured silica and generated by iron-driven reactions on 
asbestos fibers. For example, crystalline silica particles produce particle-derived ROS by 
interaction of particles with molecular oxygen and other surrounding molecules. During 
crushing and grinding of silica-containing materials, the reactive sianols (SiOH), and dangling 
bonds (SiO•) generated at the surface in cleavage planes may interact with molecular oxygen 
to produce surface radicals (SiO3

• or Si+ -O2
•), as well as particle-derived ROS such as 

hydrogen peroxide (H2O2) and damaging hydroxyl radicals (HO•).  It has been established that 
freshly fractured silica dust has an increased pathogenic potential compared to aged silica dust 
because surface reactivity diminishes over time as reactive surface molecules dissipate. 
 
Excessive oxidant production in the lungs upon exposure to silica or asbestos is also 
associated with increases in lipid peroxidation and inflammation. Lipid peroxidation is 
observed in lung tissues in experimental animal models and in BALF cells in humans exposed 
to silica or asbestos. These data suggest that oxidants are intrinsic to the damaging effects of 
these pathogenic particles after inhalation.   
 
An intrinsic antioxidant defense system, comprised of various antioxidant enzymes and 
oxidant scavengers, is intended to keep the oxidative environment balanced. As noted above, 
a number of antioxidant enzymes are induced or structurally altered by inhalation of 
crystalline silica or asbestos including superoxide dismutases (SODs), heme oxygenase-1 
(HO-1), peroxiredoxins (PRXs), glutathione (GSH), and glutathione peroxidase (GPX). Thus, 
at high concentrations of particulates, the overall balance between oxidative stress, i.e. the 
production of fiber/particle-and cell-derived oxidants as well as dysregulation of antioxidant 
defenses, prevails. 
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Importance of inflammatory cell types 
In animal inhalation models of exposure, the alveolar macrophage (AM) is one of the first cell 
types to accumulate at points of particle or fiber deposition. For these reasons and because 
they elaborate a plethora of chemokines and cytokines affecting a number of cell types, AMs 
are regarded as a pivotal cell type in development of pulmonary inflammation that is critical 
to fibrogenesis. AMs engulf silica particles via scavenger receptors such as SR-AI (scavenger 
receptor AI) or macrophage receptor with collagenous structure (MARCO/SRAII), as well as 
FcγIIR. Phagocytosis can stimulate NADPH oxidases, especially during frustrated 
phagocytosis of long asbestos fibers, leading to production of ROS/RNS. In addition, damage 
or activation of macrophages and surrounding cells may occur via particle or fiber-derived 
oxidants.  
 
Macrophages are a “two- edged sword” as they clear fibers or particles from the lung via 
mucociliary mechanisms, or transport to them to lymphatics. Alternatively, they can release 
damaging proteases and other enzymes, chemokines, cytokines, and other factors upon cell 
death and lysis. These events are thought to perpetuate influx of other immune populations, 
particularly neutrophils and a prolonged inflammatory response. For example, increased 
expression of Tumor Necrosis Factor-α (TNFα) and IL-1, promotes the production of acute 
phase response proteins, leukocyte chemoattractants, and fibrogenic mediators. Epithelial cell 
proliferation, recruitment of fibroblasts, and excessive collagen deposition, has also been 
attributed to factors released from AMs.  
 
Potent cytokine-induced neutrophil chemoattractants (CINC) also  have been implicated in 
experimental silicosis. Of the four isoforms reported, three contribute to neutrophil 
recruitment in the alveolar space and granuloma formation (CINC-2α, CINC-2β, and CINC-
3). Macrophage inflammatory proteins (MIPs) are a family of chemokines,secreted by 
macrophages and epithelial cells in response to silica or asbestos exposure. MIP-1α and β are 
chemoattractants for monocytes and lymphocytes, while MIP-2 is a potent neutrophil 
chemoattractant. Interleukin-10 (IL-10) has been shown to have an anti-inflammatory effect 
in experimental silicosis, as there is less inflammatory cell infiltration and cytokine or 
chemokine release in the lungs. However, there may also be a profibrotic effect as IL-10 
increases the expression of TGFβ, a critical cytokine in models of asbestosis and silicosis. 
This potent signaling molecule has a multiplicity of effects that promote fibroblast responses 
and deposition of collagen. 
 
Recent evidence indicates that the binding of crystalline silica to scavenger receptors leads to 
cell death of AMs and release of proinflammatory chemokines and cytokines contributing to 
lung inflammation and fibrosis. This form of inflammatory cell death is called pyroptosis and 
is accompanied by secretion of the pro-inflammatory cytokines IL-1β, IL-18, and alarmins 
such as IL-33, HMGB1 and S100-proteins in a process linked to activation of the 
inflammasome that has been reported in monocytes and THP-1 macrophage-like cells in 
response to asbestos or silica. The NLRP3 inflammasome is causally related to cell 
inflammation and lung injury as verified in asbestos inhalation experiments using wild-type 
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vs. NLRP3 inflammasome knock-out mice. Pyroptosis, or cell swelling, particularly of 
ciliated epithelial cells, has been documented previously by asbestos in tracheal explants. 
Studies suggest that proteins and proteases and free particles or fibers are released by this 
process can then be re-engulfed by AMs and other cell types in a vicious cycle of prolonged 
inflammation.   
 
Mast cells also have a vital role in the development of pulmonary inflammation in silicosis 
and asbestosis.  Mast cells are crucial to the induction of pulmonary neutrophilia, ROS 
production, protease release (e.g. chymase), as well as pro-inflammatory cytokine and 
chemokine secretion. Mast cells secrete significant amounts of TNFα, IL-13, and monocyte 
chemo-attractant protein-1 (MCP-1), promoting neutrophil, lymphocyte, and 
monocyte/macrophage recruitment in response to silica.  Mast cells, like macrophages, 
interact with silica particles via scavenger receptors, e.g. (SR-AI), which in part, mediate 
secretion of TNFα and ROS generation, as well as apoptosis, which further potentiates 
inflammation and tissue damage.   
 
The role of lymphocytes in silicosis and asbestosis is still not well understood. However, 
lymphocytes, albeit smaller in number in BALF than macrophages and neutrophils in 
experimental animal models, are clearly attracted to lung and stimulated by both particulates. 
They also can be seen encompassing silicotic nodules. The lymphocyte response seen in 
silicosis is mostly CD4+, CD8+, and NK cells and is driven towards a TH1 response with 
increases in IL-12, IL-18, and IFNγ. The production of IFNγ likely enhances the 
inflammatory response by increasing TNFα through NFκB activation in macrophages; 
however, it also has an inhibitory effect on TGFβ and fibroblast responses. 
 
The lung epithelium, a key player in fibrogenesis 
The epithelial cells of the lung have a vital role in airway defense, as they are the first target 
cells to come in contact with inhaled foreign materials. If particles cannot be cleared by 
normal mucociliary mechanisms, epithelial cells can be injured or stimulated. The epithelium 
is heavily involved in cell to cell signaling, in which they release -cytokines and growth 
factors. Additionally they respond to factors released by surrounding macrophages and other 
cell types that have been activated, injured, or recruited to sites of particle deposition and 
injury.     
 
Recently, much focus has been placed upon the role of lung epithelial cells in fibrogenesis. 
Like AMs, they phagocytose silica and asbestos, and recent work from our laboratories 
suggests that they also have functional inflammasomes. Type II cell hyperplasia in animal 
models is an early event following type I epithelial cell damage by both minerals, and 
hyperplasia of both tracheobronchiolar and alveolar type II epithelial cells is a precursor to 
metaplasia and tumor formation in organ explants and  rat models of particle or fiber-induced 
lung cancers. Normally, epithelial cell proliferation is induced after injury to restore a 
functional epithelial cell barrier to toxins. However, unregulated epithelial proliferation can 
lead to hyperplasia, and plays a critical role in fibrotic and mitogenic responses.   After 
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exposure to silica or asbestos, factors produced by AMs and direct interaction of epithelial 
cells with long asbestos fibers stimulate induction of S-phase cells and DNA synthesis in both 
bronchiolar and alveolar type II epithelial cells.   Cell signaling cascades strongly associated 
with increases in S-phase cells and epithelial cell proliferation include mitogen activated 
protein kinases (MAPK) pathways and subsequent activation of early response 
protooncogenes comprising the AP-1 transcription factor complex. In effort to restore a 
functional epithelial barrier, it is possible that a lack of control of these cell-signaling 
pathways occurs in response to asbestos or silica. 
 
Growth factors released by macrophages such as platelet-derived growth factor (PDGF), 
insulin growth factors (IGF), and fibroblast growth factors (FGF) are associated with the 
induction of epithelial cell proliferation by both minerals. Epithelial cells are also capable of 
secreting such factors which may contribute to an autocrine and/or paracrine response. For 
example, alveolar type II epithelial cells synthesize macrophage inflammatory protein (MIP-
2), both in vitro and in vivo in response to asbestos or silica. Alveolar epithelial cells in vitro 
also release mitogens including PDGF-like, IGF-1-like, and FGF-like molecules. These 
agents are involved in epithelial repair as well as alveolar type II cell hyperplasia and 
fibrogenesis. In addition to production of a number of factors increasing inflammation and 
autocrine cell proliferation, lung epithelial cells secrete basic fibroblast growth factor (bFGF) 
that promotes fibroblast proliferation in a transforming growth factor-β (TGF-β) model of 
epithelial-mesenchymal transition. Use of anti-bFGF antibodies significantly attenuates 
experimental silicosis, and bFGF also is associated with increased numbers of mast cells in 
silicotic lungs. 
 
Affymetrix gene profiling analysis and multiplex immunoassays for chemokines and 
cytokines in cell medium have been used by our laboratories to identify increased mRNA 
levels and release of chemokines and cytokines from human bronchial epithelial cells in vitro. 
These data indicate epithelial responses to cristobalite silica that include: 1) key inflammatory 
chemokines and cytokines, including bFGF; 2) matrix metalloproteinases and other genes 
related to dissolution of the extracellular matrix and tissue remodeling; 3) genes that 
participate in wound healing, stress responses, and immune responses; 4) genes related to cell 
signaling; and 5) genes linked to antioxidant defense such as SOD2. Dose-related expression 
and secretion of similar chemokines and cytokines were not observed with equal surface area 
doses of amorphous silica. Moreover, both types of silica had comparable effects on the 
viability of human bronchial epithelial cells, challenging the paradigm that toxicity per se can 
predict pathogenicity of particulates. In recent work, we have also established that both 
commonalities and differences exist in gene profiling of normal human bronchial epithelial 
cells in vitro to crocidolite asbestos or cristobalite silica. Common changes included 
upregulation of genes linked to signaling cascades including the mitogen-activated protein 
kinases (MAPK), activator protein-1 (AP-1), and NF-κB, stress/inflammatory-response 
signaling, ECM dissolution, and cell migration, as well as  genes governing a number of 
cellular defense mechanisms.  In opposition to silica, asbestos caused increased expression of 
genes linked to cell injury, small molecule biochemistry (including genes encoding enzymes 
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involved in detoxification of xenobiotics), alterations in tissue morphology, and cell 
proliferation, tumorigenesis, and metastasis.  Uniquely upregulation of genes at higher 
concentrations of silica were those encoding membrane receptors (FAS, TNFRs) previously 
reported in models of silicosis, receptors linked to inflammation and connective tissue 
remodeling, and mediators of cell injury and proliferation induced by oxidative stress. 
Decreased mRNA levels of genes linked to cell survival and apoptosis as well as increases in 
expression of genes governing interferon signaling were observed uniquely with silica. 
 
Silica can initiate apoptosis in both AMs and lung epithelial cells in intratracheal instillation 
models, but apoptosis has not been noted in inhalation models using asbestos or silica. In 
vitro, asbestos and silica-induced apoptosis is typically mediated through a complex chain of 
cellular responses leading to caspase activation. Activated caspases are governed by a 
coordinated hierarchy of initiator caspases (e.g., caspases 8 and 9) that activate an effector 
caspase (e.g., caspase 3). These are responsible for apoptosis via proteolytic cleavage of 
homeostatic and structural proteins. The physiologic consequences of silica- or asbestos-
induced apoptosis in epithelial cells of the lung in vivo are still speculative, but a recent study 
suggests that apoptosis is a major pathway responsible for the removal of proliferating 
alveolar type II epithelial cells in acute lung injury.  
 
Fibroblasts as effector and target cells in fibrosis 
Lung fibroblasts produce a number of inflammatory and other mediators in fibrogenesis and 
are a major source of collagen and other interstitial matrix components. As emphasized above, 
a hallmark of the development of fibrosis is the replacement of normal pulmonary 
parenchyma with a collagen matrix. However, particles deposited in the alveoli may also 
reach fibroblasts directly at places where the permeability of the epithelial barrier is increased 
or at sites where the epithelium has been damaged and or replaced by migrating fibroblasts. In 
asbestosis and silicosis, significantly increased type I collagen exists in fibrotic tissues as 
compared to normal tissues. The net amount of collagen deposited by fibroblasts is regulated 
continuously by collagen synthesis and collagen catabolism. The turnover of collagen and 
other extracellular matrix (ECM) proteins is also controlled by various matrix 
metalloproteinases (MMPs) and their inhibitors (tissue inhibitors of metalloproteinases 
(TIMPs). 
 
Both silica and asbestos stimulate lung fibroblasts both directly, by increasing cell 
proliferation, and indirectly, by stimulating the release of factors (TNF-α, TGF-β, etc.) from 
activated AMs. These factors increase proliferative and biosynthetic activities of fibroblasts 
and also lead to an increase in collagen and IL-6 production. When exposed to pathogenic 
mineral dusts, fibroblasts produce a diverse array of inflammatory mediators, including 
interleukin-8 (IL-8), MCP-1, IL-6, cyclooxygenase-2 (COX-2), prostaglandins (PGE synthase 
and PGE2) and transforming growth factors (TGF-α and TGF-β). IL-1 and PDGF as well as 
fibronectin and type 1 insulin-like growth factor (IGF-1) have been reported to increase 
fibroblast proliferation and fibrogenesis by both asbestos and silica. Secretion of a number of 
growth factors that promote the migration, activation, differentiation, and proliferation of 
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fibroblasts also has been demonstrated in both asbestos and silica- exposed cells and lung 
tissues. It is generally acknowledged that secreted cytokines from a number of cell types 
promote pulmonary fibroblasts to proliferate and synthesize excess collagen, which directly 
contributes to formation of silicotic nodules and interstitial fibrosis.  
Fibrogenic responses to asbestos or silica may be similar in the initiation of fibrogenesis, but 
different in the establishment of lung lesions which are dissimilar and distinctive (Figure 1).  
Abnormal wound healing in response to ongoing alveolar epithelial injury at the site of 
impingement of inhaled particulates and activation of repair mechanisms is associated with 
the formation of patchy fibroblast–myofibroblast foci. Driving fibroblast responses instigates 
the deposition of collagen and various ECM components, leading to the development of 
collagen-rich nodules in silicosis or diffuse interstitial fibrosis observed in asbestos.  The 
main growth factors involved in these processes include, TGF- β, PDGF, IGF-1, bFGF, and 
epidermal growth factors such as EGF or TGF-α. AMs and monocytes exposed to silica or 
asbestos release key pro-inflammatory cytokines such as TNF-α and IL-1β which directly 
stimulate fibroblast activation and pulmonary deposition of matrix proteins. For example, IL-
1 is described as a direct stimulant of collagen production and fibroblast response.  
 
As described above, some studies support the notion that apoptosis contributes to the 
pathogenesis of lung fibrosis in robust models such as injection of bleomycin or upregulation 
of Fas on the lung epithelium that is thought to induce epithelial apoptosis as a prelude to 
fibrogenesis.  This process then leads to accumulation of mesenchymal cells including 
abnormal fibroblast populations emerging in the interstitium and further migrating into the 
alveolar spaces. These emerging fibroblast subpopulations may be further catalysts for tissue 
damage, wound healing and fibrogenesis as they are the main cell types producing collagen 
fibers, elastin proteins, and mucopolysaccharides. 
 
Dissolution and deposition of extracellular matrix (ECM)   
Under normal conditions, the turnover of ECM is tightly controlled to maintain morphostasis. 
ECM includes proteins such as laminins, entactin, collagens (I, III, V, VI, and VII), 
fibronectin, elastin, hyaluronan and proteoglycans that serve as a supporting matrix for the 
lung architecture, but also have chemotactic activity towards inflammatory cells and 
fibroblasts. Interstitial fibrosis is characterized by fibroblast activation and aberrant ECM 
remodeling with significant discrepancies in quantity and composition as well as 
accumulation of these proteins in the interstitial and alveolar spaces. These changes occur 
with disruption of epithelial cell and endothelial cell basal laminas. Many studies have 
demonstrated that elastases, gelatinases and cathepsins participate in the breakdown of ECM 
during asbestosis or silicosis. Therefore, these diseases can be conceptualized as 
consequences of failure in regulation of synthesis and degradation of ECM molecules.  
In experimental models of silicosis and asbestosis, fibroblast-stimulating factors are released 
that promote hyalinization and collagen deposition, thus leading to an increase in deposition 
of excess lung collagen and increased hydroxylproline. Changes in cross-linking of lung 
collagen and reticulin fibers seem to be common alterations in all animal models of interstitial 
fibrosis. Both asbestosis and silicosis are accompanied by increased deposition and 
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degradation of connective tissue matrix material as governed by MMPs and their inhibitors 
(TIMPs). A number of fibrogenic cytokines regulate these enzymes as well as NFκB and AP-
1 transcription factors that tightly regulate their enzymatic activity at the transcriptional level. 
Modulation of MMP secretion also occurs by cytokines such as IL-1, TNF-α and TGF-β. It is 
assumed that TIMPs are involved in a compensatory mechanism to counter increased MMP 
levels by binding at the active sites of these enzymes and thereby rendering them 
enzymatically inactive. Imbalances in the expression of matrix MMPs and TIMPs are likely 
integral to ECM remodeling and basement membrane disruption during fibrogenesis. 
Additionally, MMPs as ECM degradation enzymes, can lead to a favorable environment for 
tumorigenesis and  proliferation of tumor cells. In this regard, an ongoing debate is the role of 
asbestos-induced fibrosis in carcinogenesis as some investigators regard fibrosis as a 
necessary process in creating a favorable environment in the lung for the development of 
tumors.  
 
Cell signaling in lung inflammation and fibrogenesis 
Both asbestos and crystalline silica exposures cause activation of a number of cell signaling 
pathways, which in turn induce the activation of key transcription factors. The key signaling 
pathways include protein kinase C (PKC), the mitogen-activated protein kinases (MAPKs), 
and the phosphoinositide-3 kinase (PI3K) pathway. The activation of these signaling cascades 
leads to the activation of the well known transcription factor complexes, AP-1 and NFκB.   
Silica exposures in vitro induce activation of extracellular signal regulated kinases (ERKs1/2), 
c-jun N-terminal kinases (JNKs), and p38 kinases in an oxidant-dependent manner via 
upstream activation of protein kinase c (PKC). In contrast, asbestos fibers appear to 
preferentially stimulate ERKs1/2 and 5 in lung epithelial cells that most often occur after 
phosphorylation of the EGF receptor. However, oxidant-dependent activation of ERKs can be 
facilitated by Src protein kinases, PKC and protein kinase D (PKD). A key event is nuclear 
translocation of ERKs and transcription of early response genes (e.g. jun, fos, fra-1) whose 
proteins comprise the AP-1 transcription factor. AP-1 activation is linked to increased 
expression of a number of proinflammatory cytokines (e.g. IL-8), proteases (e.g. MMPs), 
transcription factors/regulators (e.g. jun, fos, egr1/2), and transcription of cell cycle 
progression molecules such as. cyclin D1. Thus, AP-1 transactivation is a key, common 
pathway that mediates inflammation, extracellular matrix (ECM) dissolution, and cell 
proliferation.  
Activation of the NFκB transcription factor complex is another crucial event in both asbestos 
and silica-induced lung disease.  Through activation of the PI3K signaling pathway, as well as 
a number of protein tyrosine kinases (PTKs), pathogenic minerals cause nuclear translocation 
of active subunits of NFκB, a process known to consequently up-regulate levels of potent 
inflammatory cytokines (e.g. TNFα, IL-1, MCP-1). Use of various antioxidants impairs 
activation of NFκB, release of inflammatory molecules, and neutrophil recruitment. This 
pathway is induced by both asbestos fibers and crystalline silica particles in key cell types in 
fibrogenesis including AMs, bronchial and alveolar epithelial cells, and fibroblasts.  A 
schematic diagram indicating the role of these pathways in promulgating the production of 
chemokines, cytokines and other events in fibrogenesis is provided in Figure 2.  
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Figure 2. Schematic diagram of commonalities in asbestos- and silica-induced pulmonary fibrosis. 
Upon inhalation of crystalline silica particles or asbestos fibers (<10μm in diameter), these minerals 
infiltrate the distal airways and alveoli. Particles initially interact with the bronchial and alveolar 
epithelium and resident macrophages. Macrophages are activated upon interaction with and 
engulfment of particles, releasing many common proinflammatory mediators (e.g. IL-1, TNFα), 
fibrogenic factors (e.g. TGFβ, FGF), and ROS/RNS. This promotes inflammatory cell recruitment and 
fibroblast proliferation. AMs which attempt to phagocytose particulates clear the particles from the 
lung at low exposures or undergo cell death at high exposures. Upon death of AMs or epithelial cells 
by lysis, apoptosis or pyroptosis, damaging proteases, cytokines, chemokines, and oxidants are 
released, and free particles and fibers recirculated to other cell types, promoting cycles of prolonged 
inflammation. In addition, damage to the epithelium also induces the release of a number of 
proinflammatory and fibrogenic factors, promoting chemotaxis of inflammatory cells and fibroblasts, 
as well as epithelial cell proliferation and hyperplasia.  
Abbreviations : nitric oxide (NO•) hydroxl radical (•OH),  superoxide (•O2

-), hydrogen peroxide 
(H2O2), cytokine induced neutrophil chemoattractant (CINC), Macrophage inflammatory protein 
(MIP), macrophage chemoattractant protein-1 (MCP-1), tumor necrosis factor-alpha (TNFα),  
interleukin-1 (IL-1, IL-6, IL-8, IL-10, IL-12, IL-18), interferon-gamma (IFNγ), Interferon-gamma 
induced protein-10 (IP-10), platelet-derived growth factor (PDGF), epidermal growth factor (EGF), 
insulin-like growth factor (IGF), fibroblast growth factor (FGF), transforming growth factor-beta 
(TGFβ), matrix metalloproteinases  (MMPs), Tissue inhibitor of metalloproteinases  (TIMPs). 
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SUMMARY 
Asbestosis and silicosis are the two most studied lesions of a number of pneumoconioses 
associated with accidental or workplace inhalation of silicates.  Asbestos and silicas are fibers 
and particles, respectively, comprised of a number of types or polymorphs. Data from animal 
and cell culture models as well as clinical studies suggest that a number of cell types, namely 
lung epithelial cells, cells of the immune system (AMs, neutrophils, mast cells) and 
fibroblasts are affected directly by fiber or particle contact and uptake. Injury also may occur 
indirectly via ROS production occurring on fiber or particle surfaces. Common and repeated 
cycles of fiber/particle uptake, inflammation and deposition within the lung interstitium may 
perpetuate the development of asbestosis and silicosis. However, the pathologic presentation 
of both diseases is distinct and may progress in the absence of further exposures to minerals. 
There are no effective regimens for treatment or cure of these diseases although 
glucocorticoids and anti-inflammatory agents are used currently, and new agents may be 
indicated based upon novel observations such as inflammasome activation and gene profiling 
that may be linked to early disease.        
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ABSTRACT 
Occupational and environmental exposures to airborne asbestos and silica are associated with 
the development of lung fibrosis in the forms of asbestosis and silicosis, respectively. 
However, both diseases display distinct pathological presentations, likely associated with 
differences in gene expression induced by different mineral structures, composition and bio-
persistent properties. We hypothesized that effects of mineral exposure in the airway 
epithelium may dictate deviating molecular events that may explain the different pathologies 
of asbestosis vs. silicosis. Using robust gene expression-profiling in conjunction with in-depth 
pathway analysis, we assessed early (24 h) alterations in gene expression associated with 
crocidolite asbestos or cristobalite silica exposures in primary human bronchial epithelial cells 
(NHBE).  Observations were confirmed in an immortal human bronchial epithelial cell line 
(BEAS-2B) by QRT-PCR and protein assays. Utilization of overall gene expression, 
unsupervised hierarchical cluster analysis and integrated pathway analysis revealed gene 
alterations that were common to both minerals or unique to either mineral. Our findings reveal 
that both minerals had potent effects on genes governing cell adhesion/migration, 
inflammation, and cellular stress, key features of fibrosis. Asbestos exposure was most 
specifically associated with aberrant cell proliferation and carcinogenesis, whereas silica 
exposure was highly associated with additional inflammatory responses, as well as pattern 
recognition, and fibrogenesis. These findings illustrate the use of gene-profiling as a means to 
determine early molecular events that may dictate pathological processes induced by 
exogenous cellular insults. In addition, it is a useful approach for predicting the pathogenicity 
of potentially harmful materials. 
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BACKGROUND 
Asbestosis and silicosis, the most common forms of pneumoconioses, are caused by 
inhalation of respirable asbestos fibers and crystalline silica particles, respectively. ‘Asbestos’ 
describes a group of silicate minerals comprised of serpentine fibers (i.e. chrysotile) and rigid, 
highly pathogenic amphibole fibers (e.g. crocidolite, amosite, tremolite, actinolite, 
anthophyllite). Inhalation of asbestos causes major changes in parenchymal architecture, 
including diffuse interstitial collagen deposition and accumulation of dense connective tissue 
at specific loci (1-3). In addition, amphibole asbestos causes pleural fibrosis, and results in 
lung cancer and malignant mesotheliomas (3). The three naturally occurring polymorphs of 
crystalline silica of health concern are quartz, cristobalite and tridymite (2). Unlike asbestosis, 
silicosis is associated with the formation of concentric “whorled” nodules of collagen-rich, 
dense fibrotic tissue and a prominent granulomatous response (1, 3). Occupational exposures 
to silica, especially in smokers, have been associated with increased risks of lung cancer, but 
not mesotheliomas, in some cohorts, although this is a topic of debate (4-7).  
Impingement of high concentrations of both fibers and particles  on alveolar macrophages and 
epithelial cells  lining the upper and lower respiratory tract, is characterized by  cell damage 
associated with the production of oxidants, a persistent inflammatory response, the generation 
of profibrotic mediators, and scarring (8). Although exposure to each type of mineral can give 
rise to interstitial fibrosis, physicochemical differences between crystalline silica particles and 
asbestos fibers may lead to distinctive gene expression patterns resulting in the dissimilar 
pathological characteristics of silicosis and asbestosis. The role of the lung epithelium has 
until recently had been viewed as a passive, physical barrier against inhaled particulates and 
other toxicants. However, studies show that lung epithelial cells play an active role in 
particulate uptake (9, 10), immune cell recruitment (3), proliferation of epithelial and other 
cell types (11), and matrix remodeling (12). Since epithelial cells are target cells of lung 
carcinomas and contribute to the development of pulmonary fibrosis, understanding the 
molecular responses of human lung epithelial cells to pathogenic minerals is critical to 
unraveling the complex molecular events that initiate inflammatory responses, consequent 
fibrogenesis and other mechanisms intrinsic to these diseases.  In this study, we therefore 
compared gene alterations induced by exposure to equitoxic doses of crocidolite asbestos and 
cristobalite silica in an isolate of normal human bronchial epithelial cells (NHBE) (9). By 
gene-profiling, we furthermore explored expression signatures and their biological 
interactions. Selected common as well as mineral-specific gene alterations were confirmed in 
an immortalized bronchial epithelial cell line (BEAS-2B) by QRT-PCR. Additionally, further 
confirmation of selected findings at the protein level was obtained using various techniques. 
To our knowledge, these studies are the first to explore comparative gene expression profiling 
in human airway epithelial cells using equitoxic doses of pathogenic minerals, i.e. an 
amphibole asbestos and a crystalline silica. 
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RESULTS 
Effects of mineral exposure on NHBE and BEAS-2B cell viability 
We initially compared the effects of crocidolite asbestos and cristobalite silica on cell viability 
using surface area-based dosimetry, as the biological activity of these particulates is derived 
largely from their surface reactivity (13). Based on data from these experiments,  a 
concentration of 15 X 106 μm2/cm2 dish was chosen for asbestos, and 15 and 75 X 106 

μm2/cm2 dish for silica for NHBE gene expression studies (< LD50 concentrations) 
(Supplemental material, Figure S1). The viability of BEAS-2B cells exposed to minerals 
for 24 h was determined similarly (Supplemental material, Figure S2). As cells from the 
immortalized cell line were more resistant to equal surface-area based doses as compared to 
primary cell cultures, mineral concentrations of 75 and 150 X 106μm2/cm2 dish  were used  for 
gene expression studies in BEAS-2B cells (9, 14). 
 
Strategies to detect gene expression alterations by minerals 
Using equitoxic doses noted above, gene expression was assessed by Affymetrix GeneChip 
arrays analyzed with GeneSifter® and Bioconductor. An exposure period of 24 h was used as 
this is the time-point for maximal gene expression changes by a number of pathogenic fibers 
and particles (9, 10, 15, 16). In our previous studies, non-pathogenic glass beads and fine 
TiO2 did not induce any significant numbers of gene changes compared to unexposed cells 
(10, 17), which were therefore used as controls here. First, to visualize the gene-sample 
relationship, an unsupervised average-linkage hierarchical clustering was applied to the 50 
probe-sets with the highest variation across the 12 samples. This analysis clearly identified 
distinct clusters related to different minerals and doses (Figure 1A). Cluster I was comprised 
of two subclusters: Ia including the unexposed control samples and the low dose (15 X 106 

μm2/cm2) silica group, and Ib containing the asbestos (15 X 106 μm2/cm2) samples. Cluster II 
contained the high dose (75 X 106 μm2/cm2) silica samples.  
To compare the magnitude of alterations in gene expression by each mineral and dose, we 
examined the total number of significant gene changes >1.5-fold vs. unexposed controls, with 
an adj. p-value <0.05 (FDR<0.05). Asbestos (15 X 106 μm2/cm2) altered levels of 321 probe-
sets (262 genes) which was much more robust than silica, which altered only 3 probe-sets (3 
genes) at an equal concentration (15 X 106 μm2/cm2). However, at the higher amount, silica 
(75 X 106 μm2/cm2) exposures showed significant changes in 1247 probe-sets (1033 genes) 
(Table 1, Figure 1B). A comprehensive list of significant gene changes for each group is 
described in supplemental materials (Supplemental Tables 1-3).  
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Figure 1: Unsupervised hierarchical cluster analysis and overall gene changes in mineral exposed 
NHBE cells. 
(A) Unsupervised hierarchical cluster analysis of gene expression profiles of unexposed control 
NHBE cells and cells exposed to crocidolite asbestos 15 X 106 μm2/cm2 (Asbestos 15), cristobalite 
silica 15 X 106 μm2/cm2 (Silica 15), or 75 X 106 μm2/cm2 (Silica 75) (N=3 samples/group) based on the 
log2 expression values of the top 50 most variable probe-sets. Individual samples are shown in 
columns and genes in rows. The log2 expression values for individual genes are indicated by color 
(yellow indicates a high and blue a low level of expression). (B) Venn diagram representation of the 
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total number of probe-sets and genes (up-regulated and down-regulated) significantly altered by all 3 
exposure groups compared. This includes those specific to each exposure as well as those commonly 
affected by different exposures [≥1.5-fold vs. controls; adj. p<0.05 (FDR<0.05)]. 
Table 1: Total number of gene alterations in NHBE cells (24 h). Total numbers of probe-sets, and 
total numbers of genes significantly altered by each mineral and dose compared to unexposed 
controls. A threshold cut-off of 1.5-fold vs. controls with an adj.p-value<0.05 was used. 
 
Mineral Dose (S.A.) Dose (mass) Probe-sets Genes 
Crocidolite Asbestos 15 X 106μm2/cm2 1.0 μg/cm2 321 262 
Cristobalite Silica 15 X 106μm2/cm2 2.94 μg/cm2 3 3 
Cristobalite Silica 75 X106μm2/cm2 14.7 μg/cm2 1247 1033 

 
Comparative gene expression and divergent signaling pathways induced by asbestos and 
silica 
To determine both common and divergent gene expression patterns and signaling pathways 
associated with mineral-induced gene expression changes, IPA® was used. Comparative 
analysis revealed that of 1316 probe-sets significantly altered across all three exposures 
(compared to controls), 252 were commonly altered by asbestos (15 X 106 μm2/cm2) and 
silica (75 X 106 μm2/cm2) (Supplemental Table 4), 3 of which were also significantly altered 
by the low dose silica (15 X 106 μm2/cm2) (Figure 1B). Conversely, 69 probe-sets were 
specifically altered by asbestos (15 X 106 μm2/cm2) (Supplemental Table 5) and 995 by 
silica (75 X 106 μm2/cm2) (Supplemental Table 6). These gene changes were analyzed to 
determine signaling pathways, biological, and disease functions associated with mineral 
exposures. The top ten canonical pathways and genes associated with these pathways were 
used to construct schematic representations of the major signaling events affected commonly 
or specifically by asbestos- or silica (Figure 2, 5, 7; Tables 2-4).  
 
Common responses 
Canonical pathways affected commonly by both minerals were associated with cell membrane 
receptors and down-stream signaling [e.g. Caspase-1 (CASP1)], transcriptional regulators [i.e. 
Early growth response (EGR) and Activator protein-1 (AP-1), and Nuclear factor kappa B 
(NF-κB)], and down-stream biological functions. These biological functions included 
extracellular matrix (ECM) dissolution, leukocyte adhesion and migration, inflammation, 
fibrotic response, apoptosis regulation, and cellular stress responses, as well as other 
biological activities such as mitogen-activated protein kinase (MAPK) inhibition and 
glucocorticoid signaling (Table 2, Figure 2). It should be noted that all gene symbols are 
defined in Supplemental material, Supplemental Tables 4-6.  The up-regulation of 
interleukin-8 (IL8), matrix metallopeptidase 1 (MMP1), and baculoviral IAP-repeat-
containing 3 (BIRC3) by both asbestos and silica exposures observed by microarray was 
confirmed in NHBE cells by QRT-PCR in a separate experiment (Supplemental material, 
Figure S3). These findings were also confirmed in BEAS-2B cells (Figure 3A-C). Common 
up-regulation of the early-response gene, JUN, that encodes a member of the AP-1 
transcription factor complex (Figure 3D), and is known to have a pivotal role in asbestos- and 
silica-induced disease processes (18-20) was confirmed in BEAS-2B cells. In addition, up-
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regulation of a number of novel genes by both asbestos and silica exposure was confirmed in 
BEAS-2B cells including the transcriptional regulators EGR1 and TNFAIP3 (Figure 3E and 
F), the inflammatory receptor IL1RL1 (Figure 3G), the apoptosis inducer IL24 (Figure 3H), 
and the cell stress response protein HSPA6 (Figure 3I). 
Additionally, some common changes observed at the mRNA level were investigated at the 
protein level in BEAS-2B cells (Figure 4). In addition to the increased mRNA levels of 
CASP1 observed for both minerals in NHBE cells (Figure 2), the enzymatic activity levels of 
this effector molecule of the NLRP3 inflammasome were found to be increased in BEAS2B 
exposed to asbestos and silica for 24 h (Figure 4A). Furthermore, we confirm that asbestos 
and silica both cause secretion of IL-8 (Figure 4B), although comparing equal surface-area 
based doses, asbestos induced higher levels of secreted IL-8 which is in agreement with our 
mRNA data (Figure 3A).   Moreover, both fibers and particles caused a marked increase in 
the protein expression of CLDN1 (Figure 4C), a tight junction protein important in 
supporting the epithelium as a physical barrier and in regulating the inflammatory response 
(21, 22). 
 
Table 2: Top 10 canonical pathways altered by both asbestos and silica in NHBE (24 h). Top 10 
canonical pathways significantly enriched by alteration in gene expression by both asbestos and silica 
as determined by core analysis of commonly altered gene changes in IPA. 
 
Rank Canonical Pathway 
1 Granulocyte Adhesion and Diapedesis 
2 Agranulocyte Adhesion and Diapedesis 
3 Glucocorticoid Receptor Signaling 
4 TNFR2 Signaling 
5 Role of Macrophages, Fibroblasts and Endothelial Cells in Rheumatoid Arthritis 
6 IL-6 Signaling 
7 Aldosterone Signaling in Epithelial Cells 
8 PPAR Signaling 
9 IL-17A Signaling in Gastric Cells 
10 IL-10 Signaling 
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Figure 2: Pathways commonly affected by asbestos and silica in NHBE cells. A schematic 
representation of 38 genes with altered expression by asbestos (15 X 106μm2/cm2) and silica 
(75x106μm2/cm2) at 24h. Red: up-regulated, green: down-regulated [≥1.5-fold vs. controls; adj. 
p<0.05 (FDR<0.05)]. Lines and arrows interconnecting molecules represent associations determined 
by IPA from the Ingenuity Knowledge Base, including both direct and indirect relationships. All gene 
names, fold-change values, and adj.p-values are listed in Supplemental Table 4. 
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Figure 3: Commonly altered genes by asbestos and silica exposure in BEAS-2B cells. Steady-state 
mRNA levels were measured by QRT-PCR in BEAS-2B cells exposed to asbestos and silica with two 
doses (75 and 150 X 106 μm2/cm2) for 24h. Genes affected by both minerals were (A) IL8 (Interleukin-
8), (B) MMP1 (Matrix metallopeptidase-1), (C) BIRC3 (Baculoviral IAP-repeat containing 3), (D) 
JUN (c-jun proto-oncogene), (E) EGR1 (Early growth response-1), (F) TNFAIP3 (TNF -induced 
protein 3), (G) IL1RL1 (IL-1 receptor-like 1), (H) IL24 (Interleukin-24), (I) HSPA6 (Heat shock 
protein A6). Gene expression levels were normalized to the housekeeping gene RPL13A (Ribosomal 
protein L13A) values represent the mean ± SEM (*) p<0.05 vs. unexposed controls, N = 3, graphs are 
representative of 2-3 repeat experiments.  
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Figure 4: Commonly altered protein by asbestos and silica exposure in BEAS-2B cells. 
Confirmation of microarray findings at protein level in BEAS-2B cells after 24h exposure to asbestos 
and silica (150 X 106 μm2/cm2). (A) Caspase-1 enzymatic activity levels relative to unexposed controls. 
(B) Secreted levels of IL-8 protein in conditioned medium of BEAS-2B (pg/ml). (C) 
Immunofluorescence images of BEAS-2B (left to right), unexposed controls, asbestos, silica, and 
nuclear stain DAPI (top), CLDN1 in green (middle), and merged DAPI and CLDN1 (bottom). 
Negative controls (no primary antibody) were also included and all were negative for staining. Images 
were taken with 40X objective lens. 
 
Asbestos specific responses 
Genes selectively altered in expression after exposure to crocidolite asbestos (15 X 106 

μm2/cm2), were grouped in a unique set of pathways which are listed in Table 3 and 
represented in Figure 5. This collection of experimentally confirmed relationships is 
associated with biological functions related to tissue damage (IL1RN) and iron homeostasis  
(TFRC) as well as small molecule biochemistry and cellular detoxification mechanisms 
(S100A12, CYP2C18 and SULT family members). Further downstream, asbestos specific 
biological responses were linked to tumor morphology (MGEA5, CRNN, PLCG, and TGMs) 
and cancer (CEACAM1, SEMA3A) as well as proliferation (FST, NCF1) and cell survival 
(ABCC10, RBCK1).  
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Table 3: Top 10 canonical pathways altered by asbestos specifically in NHBE (24 h). Top 10 
canonical pathways significantly enriched by alteration in gene expression by asbestos only as 
determined by core analysis of asbestos-specific gene changes in IPA. 
 
Rank Canonical Pathway 
1 Dermatan Sulfate Biosynthesis (Late Stages) 
2 Production of Nitric Oxide and Reactive Oxygen Species in Macrophages 
3 ERK/MAPK Signaling 
4 Chondroitin Sulfate Biosynthesis (Late Stages) 
5 Estrogen Biosynthesis 
6 Heparan Sulfate Biosynthesis (Late Stages) 
7 Melatonin Degradation I 
8 Chondroitin Sulfate Biosynthesis 
9 FcγRIIB Signaling in B Lymphocytes 
10 Dermatan Sulfate Biosynthesis 

 

 
Figure 5: Pathways selectively affected by asbestos in NHBE cells. Graphical representation of the 
experimentally confirmed relationships between genes distinctively altered in expression by asbestos 
(15 X 106 μm2/cm2) using IPA software. Red and green colors indicate up- or down-regulation of gene 
expression levels respectively compared to unexposed control cells [≥1.5-fold vs. controls; adj. 
p<0.05 (FDR<0.05)]. All gene names, fold-change values, and adj.p-values are listed in 
Supplemental table 5. 
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A selection of these findings was also investigated in the BEAS-2B epithelial cell line by 
QRT-PCR to confirm microarray-based findings in primary cells. Crocidolite-specific 
induction of SEMA3A expression was confirmed, and interestingly, silica exposure conversely 
decreased SEMA3A mRNA levels (Figure 6A). In addition to the confirming of crocidolite-
specific reduction in TFRC expression, we found that cristobalite silica also had an inverse 
effect on TFRC mRNA levels in BEAS-2B cells (Figure 6B). Furthermore, exposure to 
asbestos, but not silica, caused a marked decrease (50%) in TFRC protein levels in BEAS-2B 
cells at 48h post-exposure.  Silica-induced increases in TFRC mRNA levels (24h), were 
however not reflected at the protein level at 24h and 48h, which were not significantly 
affected compared to controls (Figure 6C and data not shown). 
 

 
 
Figure 6: Asbestos-specific genes and protein altered in BEAS-2B cells. Steady-state mRNA levels 
were measured by QRT-PCR in BEAS-2B cells exposed to asbestos and silica  at 2 doses (75 and 150 
X 106μm2/cm2) for 24h. Genes significantly altered by asbestos only were (A) SEMA3A (Semaphorin 
3A), (B) TFRC (Transferrin receptor C). Gene expression levels were normalized to the housekeeping 
gene RPL13A (Ribosomal protein L13A) values represent the mean ± SEM (*) p<0.05 vs. unexposed 
controls (N=3) (C) Western blot of TFRC protein levels (90kDa) and house keeper GAPDH (37 kDa) 
after exposure to asbestos (75 X 106μm2/cm2) or silica (150 X 106μm2/cm2) for 48h. Densitometry 
represents relative levels of TFRC normalized to GAPDH (N=2) and graphs are representative of 2-3 
repeat experiments. 
 
Silica specific responses 
In NHBE cells, silica exposure at higher concentrations (75 X 106 μm2/cm2) specifically 
altered expression levels of various cell membrane receptors associated with pathogen-
associated molecular pattern (PAMP) recognition (LY96, TLR1, CD14, TREM1), cell death 
(FAS), and inflammation (IFNGR1, TNFRSF9, 10B, CXCR4, IL2RG). Additionally,  silica 
exposure affected a number of transcriptional regulators (e.g. IRF, CREB and alternative 
NFκB family members) and a plethora of downstream effector molecules and biological 
functions including pattern recognition and interferon responses, and additional inflammation, 
cell survival regulation, and fibrogenesis pathways (Figure 7, Table 4). Figure 8 depicts 
confirmation of findings in NHBE cells exposed to silica in BEAS-2B cells. Results 
demonstrate silica-specific up-regulation of the fibrogenic mediator FGF2 (Figure 8A), the 
inflammatory regulator PTX3 (Figure 8B), the transcriptional regulator CREB5 (Figure 8C), 
as well as down-regulation of the SFRP1, a modulator of Wingless type (WNT)-signaling
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(Figure 8D), at the highest concentration (150 X 106 μm2/cm2). In addition, we show that 
silica selectively induced bFGF (FGF2) secretion from bronchial epithelial cells exposed for 
24h (Figure 8E).  
 
Table 4: Top 10 canonical pathways altered by silica-specifically in NHBE (24 h). Top 10 canonical 
pathways significantly enriched by alteration in gene expression by silica only as determined by core 
analysis of silica-specific gene changes in IPA. 
 
Rank Canonical Pathway 
1 Salvage Pathways of Pyrimidine Deoxyribonucleotides 
2 TREM1 Signaling 
3 Aryl Hydrocarbon Receptor Signaling 
4 Interferon Signaling 
5 Hepatic Fibrosis / Hepatic Stellate Cell Activation 
6 Role of JAK family kinases in IL-6-type Cytokine Signaling 
7 Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses 
8 Altered T Cell and B Cell Signaling in Rheumatoid Arthritis 
9 Role of IL-17A in Arthritis 
10 IL-6 Signaling 

 
 

 
 
Figure 7: Pathways selectively affected by crystalline silica in NHBE cells. Graphical representation 
of the experimentally confirmed relationships between genes distinctively altered in expression by 
silica (75 X 106 μm2/cm2) using IPA software. Red and green colors indicate up- or down-regulation of 
gene expression levels respectively compared to unexposed control cells [≥1.5-fold vs. controls; adj. 
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p<0.05 (FDR<0.05)]. All gene names, fold-change values, and adj. p-values are listed in 
Supplemental table 6. 
 

 
Figure 8: Silica-specific genes and protein altered in BEAS-2B cells. Steady-state mRNA levels were 
measured by QRT-PCR in BEAS-2B cells exposed to asbestos and silica  at two doses (75 and 150 X 
106μm2/cm2) for 24 h. Genes significantly altered by silica only were (A) FGF2 (fibroblast growth 
factor 2), (B) PTX3 (Pentraxin 3), (C) CREB5 (cAMP responsive element binding protein 5), and (D) 
SFRP1 (Secreted frizzled-related protein 1). Gene expression levels were normalized to the 
housekeeping gene RPL13A (Ribosomal protein L13A). Values represent the mean ± SEM (*) p<0.05 
vs. unexposed controls, N = 3. (E) Secreted levels of bFGF (FGF2) protein in conditioned medium of 
BEAS-2B cells exposed 24h (pg/ml). Graphs are representative of 2-3 repeat experiments. 
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DISCUSSION 
Our studies demonstrate that robust gene-profiling was able to distinguish different mineral 
exposures based on global gene expression, as unsupervised average-linkage hierarchical 
cluster analysis accurately delineated samples based on both mineral exposure, and in the case 
of silica, the concentration used. Our studies also demonstrate unique features of crocidolite 
asbestos and cristobalite silica in patterns of toxicity and gene expression alterations. At equal 
doses (15 X 106 μm2/cm2), silica had minimal effects on gene expression, whereas the number 
of changes caused by asbestos was dramatically higher. However, at higher doses (75 X 106 

μm2/cm2), silica induced markedly more gene alterations, mimicking dose-response effects 
observed in inhalation and intratracheal instillation studies (23, 24).  
Our data reveal gene changes that likely contribute to the mutual pathogenicity as well as 
divergent characteristics that may drive the increased carcinogenicity of amphibole asbestos 
and individual patterns of fibrogenicity. Both minerals altered mRNA levels of various 
membrane receptors, intracellular signaling molecules, transcriptional regulators and 
downstream effector molecules some linked to signaling pathways and biological functions 
that promote the development of mineral exposure-associated disease (3, 25). In addition to 
identifying new genes that may be involved in asbestos and/or silica pathogenicity, our results 
confirm the highly active role of the epithelium as an initial player in these processes. 
 
Common Responses  
Pathway analysis of genes altered by both minerals revealed that the canonical pathways most 
highly enriched represented disease mechanisms highly characteristic of the development of 
both pneumoconioses. These included not only genes well known to be associated with 
asbestos and silica-disease processes, but also revealed a number of novel genes intrinsic to 
complex signaling mechanisms that may contribute to disease. Common changes were 
observed in expression levels of documented membrane receptors associated with proteolysis 
(PLAUR) and the proinflammatory anaphylatoxin receptor (C5AR) as well as its ligand (C5) 
which has been shown to be activated by both minerals (26, 27). Our data also revealed novel 
genes, associated with propagation of inflammation (IL6R, IL1RL1) and recognition of 
foreign materials (TLR2). The IL-33 receptor, IL1RL1 (also known as ST2), was up-regulated 
by both minerals and IL-33 signaling is a driving force in the development of asthma and 
allergic airways disease (28, 29). The lung epithelium is a major source of IL-33 in response 
to lung injury, propagating signaling to other effector cells (e.g. TH2, mast cells, dendritic 
cells), which may be a feed-forward mechanism. We also have evidence of increased IL-33 
secretion from human bronchial epithelial cells by crystalline silica in vitro (unpublished 
data). 
Both AP-1, and NF-κB have been well established as key transcriptional regulators that drive 
inflammatory and fibrogenic disease (3, 30, 31). Moreover, both minerals induced increased 
levels of EGR1, which is induced by silica in type II alveolar epithelial cells (32) and is 
associated with epithelial apoptosis, protease expression, and lung fibrosis (33, 34). Imbalance 
of proteolysis and ECM dissolution are key mechanisms in the development of fibrosis (35, 
36), by dysregulation of key players such as various MMPs and protease inhibitors. Our study 
links both asbestos and silica exposure to increased expression of MMP1 in lung epithelial 
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cells, which is also increased in human idiopathic pulmonary fibrosis (IPF) (37) and may 
contribute to further collagen breakdown, activation of cytokines, and promotion of cell 
migration and proliferation. Increased expression of adherens and junction proteins upon 
injury to the epithelium is part of the restoration process of the physical barrier.  For instance, 
CLDN1, which is increased in expression after exposure to asbestos and silica here, is also 
increased in the regenerative epithelium of human IPF and asbestosis lung tissues (21). 
CLDN1 also has a functional role in regulation of pro-fibrotic processes such as epithelial-
mesenchymal-transition (EMT) and pro-inflammatory response (22, 38). During this response 
to injury, expression of molecules such as ICAM1 and CYR61 promote neutrophil 
extravasation and migration into the airways. This further perpetuates the potent inflammatory 
response, which is driven by various mediators including; acute phase proteins, cytokines, and 
chemokines, which propagates the deregulated cycles of inflammation and injury seen in 
asbestosis and silicosis.  
Activation of the intracellular danger sensing protein complex, the NLRP3 inflammasome, is 
a crucial step in propagation of the inflammatory response caused by exposure to occupational 
dusts (e.g. asbestos and silica) (39, 40) as well as nanomaterials (e.g. carbon nanotubes) (41). 
Originally thought to be restricted to myeloid cells, activation has been demonstrated recently 
in epithelial (14, 42, 43) and mesothelial cells (44, 45). Additionally, certain polymorphisms 
in the NLRP3 gene may be associated with IL-1β production and severe inflammation which 
may suggest a genetic predisposition for common inflammatory disorders (46-48). 
IL-8, a potent neutrophil chemotactic factor, is a driving force in mineral-induced 
inflammation, and is shown to be elevated in asbestos (49) and silica-exposed subjects (50). 
Our data also reveal novel inflammatory molecules increased by both asbestos and silica 
exposures, including IL36G, IL36RN, IL32, and SAA2. Interestingly, IL-1 family members, 
IL36G (IL-36γ) and IL36RN (51), are highly expressed in the bronchial epithelium (52). IL-
36γ is induced by toll-like receptor (TLR) ligands and TH17 cytokines and may promote 
neutrophilic airway inflammation (53). In conjunction with increased IL-36γ and IL-36Ra, 
our previous studies show increased expression of their receptors (IL1RL2 and IL1RAP) by 
crystalline but not amorphous, non-pathogenic silica (14). These seminal data suggest a 
prominent, and uninvestigated role of IL-36 signaling in mineral exposure-induced 
inflammation.  
Our data in concert suggest a scenario that may be common to pathogenic silicates. Due to 
massive inflammation and tissue damage caused by exposures to fibrogenic agents, there is a 
consequent fibrotic response initiated in the epithelium in an attempt to repair damaged areas 
of the lung.  For instance, both minerals increased expression of the profibrotic molecule 
IL13RA2, which has been shown to promote IL-13 driven induction of TGF  in experimental 
fibrosis (54). Conversely, mineral exposures increased expression of the anti-fibrotic 
chemokine, CXCL10, which has been shown to alleviate fibrosis in bleomycin-induced 
experimental lung injury (55). This suggests a balance between anti-fibrotic and pro-fibrotic 
molecules that may be disrupted in susceptible individuals or at high overload concentrations 
of minerals. Cell proliferation in response to lung injury, stimulates many biological activities 
and effector cell types including inflammatory cells and fibroblasts, but may also be 
compensatory in replenishing epithelial cells after injury and death of surrounding cells. The 
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axis balancing cell death and proliferation is often disrupted in chronic disease, as regulation 
of apoptosis is key to controlling cell turnover of damaged cells. Genes associated with the 
regulation of apoptosis that were altered by both minerals include the anti-apoptotic molecule, 
BIRC3, which can be induced by TNF -dependent mechanisms (56), and pro-apoptotic IL24, 
which is shown to drive apoptosis in various types of cancer cells by inhibition of survival 
and proliferation signaling and impedes lung cancer cell migration (57, 58). In conjunction 
with exogenous stress, cell death can lead to the excessive release of damaging cellular 
contents, including oxidants, proteases, and danger molecules, which further propagate 
cellular stress responses in surrounding tissue. A plethora of heat shock proteins are induced 
by both minerals, as well as the antioxidant, SOD2. SOD2 has been show to play a pivotal 
role in mineral-induced disease development (59). Serum levels of SOD2 are elevated in 
silicotic patients (60) and polymorphisms in this gene are associated with increased asbestosis 
susceptibility (61). 
 
Asbestos-specific responses 
Many of the genes uniquely affected by crocidolite asbestos have not been described in lung 
epithelial cells previously, but may have key roles in lung injury and processes leading to 
carcinogenesis as indicated in Figure 5. Since we, and others have linked asbestos exposures 
to cellular plasticity and cancer (62-64), it is not surprising that many genes affected by 
asbestos as opposed to silica are involved in processes related to cancer development. For 
example, ESPL1 (Separase) acts as an oncogene when overexpressed and plays an important 
role in the development of aneuploidy and tumorigenesis (65). ELF5 expression appears to be 
increased significantly in mouse mammary tumors relative to normal tissue (66). Previously, 
the up-regulation of SEMA3A has been linked to a feedback loop modulating growth-
promoting signaling in mesothelial cells (67) and influencing apoptosis and proliferation in 
multiple cell types. SEMA3A, is also essential for structural and functional abnormalities in 
tumor vascularization (68) and its induction by asbestos in NHBE and BEAS-2B cells, is in 
line with our recent report on its up-regulation in human mesothelial cells exposed to 
crocidolite asbestos (69). We were also able to detect elevated CEACAM1 mRNA expression 
by asbestos.  Recently, this gene was linked to the creation of a pro-angiogenic tumor 
microenvironment that supports tumor vessel maturation (70). 
Exposure to foreign toxicants, like asbestos, or other xenobiotic chemicals (e.g. those found in 
cigarette smoke) activates cellular detoxification mechanisms. For instance, sulfation is an 
important reaction in detoxification of xenobiotics, and sulfotransferases such as SULT1B1 
enzymatically affect the bioactivation of pro-carcinogens to reactive electrophiles (71). In 
addition to sulfotransferases, asbestos induced increased mRNA levels of CYP2C18, a 
member of the cytochrome P450 family of detoxification enzymes. Together these data 
suggest asbestos may activate and potentially disrupt xenobiotic detoxification mechanisms, 
which is suggested to contribute to asbestos-induced carcinogenic effects (72).  
In the group of molecules involved in tumor morphology and remodeling, we observed 
increased expression levels of various enzymes, including transglutaminases (TGM3, and 5). 
Rigid amphibole fibers can penetrate and severely disrupt the cell membrane during or after 
uptake by cells. Upregulation of transglutaminases, which are involved in protein cross-
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linking in molecular scaffolds and wound repair (73),  may be part of a repair mechanism in 
attempt to restore the compromised a cell membrane.   
The activin inhibitor FST has been shown to ameliorate inflammation and fibro-proliferative 
responses in a bleomycin-model of pulmonary fibrosis in rats (74, 75). It is possible that the 
up-regulation of FST, as observed here in the proliferation pathway in response to asbestos, is 
part of an endogenous defense mechanism of bronchial epithelial cells.   
For amphibole asbestos, the surface chemistry, particularly bioavailable iron, is key in driving 
oxidant production and inflammation (76, 77). Iron is mobilized and promotes oxidant 
production in lung epithelial cells exposed to crocidolite asbestos. Additionally, endogenous 
iron coats asbestos fibers in the lung, i.e. ferruginous bodies, one of the hallmarks of 
asbestosis (78, 79). Iron sequestration is controlled by a number of molecules, including 
transferrin and the transferrin receptor (80). Our data indicate significant decreases in mRNA 
and protein levels of TFRC in human lung epithelial cells exposed to crocidolite asbestos. 
Crocidolite exposure causes intracellular sequestration of non-transferrin bound iron, 
potentially via the divalent metal ion transporter-1 (DMT1) (81). Accumulation of such 
intracellular iron stores likely leads to the down-regulation of TFRC, which in turn, may 
increase the amount of extracellular iron. Bronchoalveolar lavage (BAL) fluids from asbestos-
exposed subjects have higher levels of transferrin compared to unexposed subjects (82). 
Therefore, inhalation of asbestos can lead to severe disruption of normal iron homeostasis in 
the lungs, which may be a potential marker for exposure and/or disease development. 
 
Silica specific responses 
The presence of massive inflammation is a driving force in the development and progression 
of silicosis. Our data show a robust inflammatory response to high dose silica exposure with 
specifically increased expression of many potent inflammatory mediators. Silica induced for 
instance IL1A, IL1B, colony stimulating factors, CSF1, CSF2, as well as (C-X-C) and (C-C) 
motif chemokines. Interestingly, silica induced increased expression of TNFSF9 (CD137L/4-
1BB) as well as its receptor TNFRSF9. TNFSF9 signaling is a key factor in the development 
of immune responses in T-cells, NK cells, macrophages and dendritic cells, and is also 
expressed in non-immune cells. Crosstalk between epithelial cells and inflammatory cells via 
TNFSF9-signaling drives neutrophil recruitment (83) which contribute to silica-induced 
inflammation. In keeping with these findings, there was also an evident interferon response. 
Type I interferon responses have been shown to play a role in silica-induced chronic 
inflammation (84), however, the mechanism by which they contribute to silica-induced 
inflammation is not well understood. In line with progressive inflammation, and interferon 
response, silica exposure was associated with pattern-recognition signaling pathways, with 
altered expression of membrane and intracellular pattern recognition-associated receptors 
(LY96, TLR1, CD14, and IFIH1/MDA-5).  In addition, silica caused increases in antiviral-
response proteins (OAS), and antigen-presentation molecules (CD83, HLADQB1). Silica also 
caused increased expression of the multifunctional pattern recognition molecule, PTX3 (85) 
which has been implicated in epithelial cell survival in co-culture models of silica-exposure 
(86).    
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In response to silica particles, expression levels of a number of cell membrane receptors that 
mediate PAMP recognition, cell death, and proinflammatory response were specifically 
altered. Silica exposure is associated with development of autoimmunity, where increased 
serum levels of (soluble) sIL2R, are a marker of early immunological dysfunction in silica-
exposed subjects (87). This correlates with our data, which reveals increased levels of IL2RG 
(i.e. the common gamma chain) mRNA. Furthermore, TNF  and the TNFR signaling 
pathway have been shown to be crucial mediators in the development of silica-induced 
fibrosis (88) and soluble TNFR1 and TNFR2 are increased in subjects exposed to silica 
(89).with In conjunction with the up-regulated expression of a number of the TNF-receptor 
superfamily members, our data reveal up-regulation of the adaptor protein TRAF1, which is 
crucial in dictating TNF-signaling via cascades including MAPK and NFκB. Canonical NFκB 
signaling is well-known to drive silica-induced inflammation and fibrosis (90, 91). However, 
our data are the first to reveal modulation of non-canonical (alternative) NFκB signaling, by 
up-regulation of NFKB2 (p52/p100) and RELB. Alternative NFκB signaling and auto-
regulation are shown to modulate lung inflammation (92, 93) and cross-talk between 
canonical and non-canonical NFκB regulates inflammatory responses in epithelial cells as 
well as airway inflammation and fibrosis in experimental models of allergic airways disease 
(94, 95).  
Due to initial injury and the inability to clear silica particles, followed by and cycles of 
inflammation that precede and continue during the development of silicosis. Exposure to 
silica promotes the production of various fibrogenic mediators, proteases, and proliferation 
and recruitment of fibroblasts in attempt to repair the damaged lung. Our data reveal silica 
specific alteration of various fibrogenic mediators (e.g. VEGF, CTGF, FBRS, FGF2) and 
downstream signaling molecules associated with the fibrogenesis pathway. In particular, silica 
specifically induced mRNA levels and secretion of FGF2/bFGF. This potent fibrogenic factor 
(and others associated), which is induced by silica in lung epithelial cells (9, 86) and 
potentially linked indirectly to fibroblast proliferation (14) may have a crucial impact on the 
intense fibrogenicity of silica. Furthermore, although WNT-signaling is linked with aberrant 
proliferation and the development of fibrosis (96, 97), it has not been associated with silica or 
silicosis yet. Interestingly we observed down-regulation of the WNT-signaling molecules 
SFRP1, WNT5A and up-regulation of DKK1 in response to silica. These findings suggest 
potential alteration of WNT-signaling. 
In summary, our study exemplifies how gene expression studies can predict acute responses 
of respiratory epithelial cells, the first cell type to encounter asbestos fibers or silica particles 
after inhalation, and link these events to biofunctional pathways leading to lung disease. Many 
of these alterations can be linked to biomarkers found in clinical samples of exposed subjects. 
Overall, our data reveal early alterations in both common gene expression that can be linked 
to inflammation and fibrosis by both pathogenic minerals and unique changes by silica 
promoting intense fibrogenicity and by asbestos that may be intrinsic to the development of 
lung cancers. Our analyses also highlight many novel molecules that can be pursued in 
functional studies, thus permitting their evaluation as new targets in detection, prevention and 
therapy of fibroproliferative diseases and cancers.   
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MATERIALS AND METHODS 
Cell culture 
For primary cells, an isolate of normal primary human bronchial epithelial cells (NHBE) was 
purchased from Lonza, Clonetics ®. NHBE cells were cultured and maintained in BEGM® 
with ReagentpackTM subculture reagents as previously described (9). For experiments with 
BEAS-2B cells, cells were cultured as recommended by ATCC as described previously (9). 
 
Fiber/particle exposures 
Respirable preparations of crocidolite asbestos fibers (NIEHS reference sample) and 
cristobalite silica particles (C&E Mineral Corp, King of Prussia, PA) were sterilized and 
diluted to a concentration of 1.0 mg/ml prior to cell exposures at equal surface areas as 
described previously (9). Control samples were exposed to an equal volume of Hank’s 
buffered saline solution (HBSS) alone (no-particle/fiber control) The fiber dimension data for 
this asbestos sample was previously reported (98), and particle characterization of cristobalite 
silica has previously been published (9, 59). 
 
RNA isolation 
After exposure of cells, medium was aspirated and total RNA was isolated using an RNeasy® 
Plus Mini Kit according to the manufacturers’ protocol (Qiagen, Valencia, CA, USA) for 
NHBE cells. For BEAS-2B cell experiments, total RNA was isolated using the High Pure 
RNA Isolation Kit according to the manufacturers’ protocol (Roche Applied Sciences, 
Indianapolis, IN, USA) 
 
Quantitative real time polymerase chain reaction (QRT-PCR) 
For primary NHBE experiments, total RNA (1 μg) was reverse-transcribed with random 
primers using the AMV Reverse Transcriptase kit (Promega,Madison, WI) according to the 
recommendations of the manufacturer, as described previously (15). All Taqman® qRT-PCR 
was performed using Assays-On-Demand™ primer and probe sets (IL8, MMP1, BIRC3) used 
from  Applied Biosystems (Foster City, CA) and performed as described previously (15). For 
all BEAS-2B experiments QRT-PCR was performed as previously described (99).  All 
forward and reverse primer sequences are described in supplemental material. 
 
Affymetrix microarray gene expression profiling 
Microarray analysis was performed using Affymetrix GeneChip® Human Genome U133A 
2.0 arrays (Affymetrix, Santa Clara, CA). All procedures were performed by the Microarray 
Analysis Core Facility of the Vermont Genetics Network (VGN) using a standard Affymetrix 
protocol as described previously (100, 101). GeneChip® Human Genome U133A 2.0 arrays 
(Affymetrix, Santa Clara, CA) targeting 18,400 genes were scanned twice (Hewlett-Packard 
GeneArray Scanner), the images overlaid, and the average intensities of each probe cell 
compiled.  
Microarray data were analyzed with Bioconductor tools in R with Bioconductor software 
(http://www.r-project.org/) (102), probe level analysis was performed on the Affymetrix 
raw data (.cel files) with the robust multichip average (RMA) method to obtain a log2 
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expression value for each gene probe set (103, 104). Unsupervised average-linkage 
hierarchical clustering, using Euclidian distance as metric, was performed to the RMA 
normalized data to visualize gene (probe set)/sample relationships of the top 50 most variable 
probe-set (103).  
 
GeneSifter analysis 
Following data normalization using the RMA algorithm, the GeneSifter software (VizX Labs, 
Seattle, WA) was used for supervised hierarchical cluster analysis to identify probe sets/genes 
from log2-transformed data that significantly changed expression between the different groups 
(unexposed control, silica 15, asbestos 15 and silica 75; N=3 per sample group) by pair-wise 
comparison analysis (t-test), and for the entire experimental group by multiple comparison 
analysis procedures (ANOVA). The raw p-values were corrected for multiple testing using the 
Benjamini and Hochberg false discovery rate method (FDR<95%) or “adjusted p-value” 
(105). A cut-off limit of 1.5-fold change vs. controls (adj. p<0.05) was used for analysis.  
 
Ingenuity pathway analysis 
Comparative analysis of pair-wise data-sets (Asbestos 15 vs. controls; and Silica 75 vs. 
controls) revealed three groups of observations: 1) probe-sets significantly altered by both 
(asbestos 15 vs. controls) and (silica 75 vs. controls), 2) probe-sets significantly altered by 
(asbestos 15 vs. controls) only, and 3) probe-sets significantly altered by (silica 75 vs. 
controls) only. These data sets were uploaded with gene ID (affymetrix), fold-change value, 
and adj. p-value in the Ingenuity Pathway Analysis program (IPA, Ingenuity Systems®, www.ingenuity.com) for core analysis. Core analysis of each data-set was performed 
(confidence level: experimentally observed). Genes associated with the top 10 canonical 
pathways significantly enriched by each comparison, in addition to a selection of genes with 
evident relevance to the canonical pathways and biological function were used to construct 
schematic representations. The significance of the association between the input data set and 
the canonical pathways was determined based on two parameters: (1) A ratio of the number of 
genes from the data set that overlay to the pathway divided by the total number of genes that 
map to the canonical pathway and (2) a P-value calculated determining the probability that the 
association between the genes in the data set and the canonical pathway is not due to chance 
alone. Using the “connect” tool, experimentally observed, direct, and indirect connections 
were made for based on the Ingenuity Knowledge Base (Ingenuity Systems Inc., Redwood 
City, CA). For clarity purposes, not all connections are shown, but only those pertinent to the 
biological scheme. 
 
Immunofluorescence 
For immunofluorescent staining of BEAS2B cells, sterile glass coverslips (VWR 13mm, 
Thickness No.1) were placed in 24-well culture plates and coated with coating medium 
overnight at 37˚C. Cells were seeded, maintained and exposed to minerals as previously 
described (9). Following exposure culture medium was aspirated, and cells washed 3 times 
with 1X PBS. Cells were then fixed in 4% phosphate buffered formaldehyde solution pH 7.0 
(Klinipath 4078-9001) for 20 minutes at RT. Cells were washed 3 times with PBS and  placed 
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in blocking/permeabilizations buffer (1.0% BSA, 0.1% Triton X-100 in PBS) for 1h at RT. 
Cells were incubated in primary antibody (1:100 dilution) overnight at 4˚C. Cells were 
washed 3 times with PBS, incubated with an Alexa Fluor® conjugated secondary antibody 
(1:1000 in 1%BSA-PBS) for 1 hour at RT (in dark). Cells were washed 3 times with PBS and 
incubated with DAPI solution (0.5μg/ml) for 5 minutes at RT (in dark). Cells were washed 2 
times with PBS and once with distilled water. Coverslips were then mounted on glass slides 
(Knittel Glass, Germany) using fluorescent mounting medium (DAKO). Cells were imaged 
using Zeiss ZEN (blue) 2012 software. Images were exported in .TIFF format  
 
Western blot 
Cells were washed twice with cold HBSS, and lysed with 1X RIPA buffer [(RIPA buffer 10X 
Cell Signaling) with 1% Protease inhibitor cocktail (Sigma), 1% Sodium orthovanadate, 1% 
PMSF, and 1mM DTT].  Total protein was determined using the Bio-Rad DC-protein 
determination kit (Bio-Rad, Hercules CA, USA). 20μg of protein was loaded onto pre-cast 
12% (bis-tris) polyacrylamide gels (Bio-Rad). Gels were run, and transferred to nitrocellulose 
membranes.  After blocking in 5% milk, membranes were incubated with primary antibodies 
(Anti-TFRC 1:5000, Anti-GAPDH 1:20,000) overnight at 4˚C. Membranes were washed 3 
times 15 min. in TBS-Tween (0.1%), and then incubated in HRP-conjugated secondary 
antibody (1:5000 in 5% milk) for 1h at RT. Membranes were washed 3 times in TBS-Tween 
(0.1%) and once in TBS, and then incubated in ECL substrate and developed. Densitometry 
was performed using QuantityOne software (Bio-Rad). 
 
Caspase-1 activity assay 
Caspase-1 activity was measured using a caspase-1 activity kit (R&D) following the 
manufacturer’s protocol. 
 
ELISA 
To determine levels of bFGF and IL-8 levels in cell culture medium, culture medium was 
centrifuged for 10 min. at 14,000 rpm (4˚C) to remove all cellular debris and minerals, and 
supernatant removed. Levels of bFGF and IL-8 in the supernatant were determined using a 
Human FGF-basic ELISA MAX Deluxe kit (Biolegend) and a Human IL-8 ELISA kit 
(Sanquin) respectively following the manufacturers´ protocols.  
 
Antibodies 
Primary antibodies: Rabbit polyclonal Anti-Transferrin Receptor C (Sino Biological corp., 
#11020-RP02), Rabbit polyclonal anti-GAPDH (Cell Signaling), rabbit polyclonal anti-
Claudin-1 (Cell Signaling #4933). Secondary Antibodies: Alexa Fluor ® 488 conjugated anti-
rabbit IgG (Life Technologies), and Peroxidase-conjugated anti-rabbit IgG (Vector 
Laboratories). 
 
Statistical analyses 
All statistical analyses for microarray and pathway analysis data are described above in their 
respective sections. For cell viability and QRT-PCR, data were analyzed by one-way analysis 
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of variance (ANOVA) using the Student Neuman-Keul’s test to adjust for multiple pair-wise 
comparisons between treatment groups, or the Student's t test where appropriate. Data are 
expressed as mean values ± SEM. Differences with p-value < 0.05 were considered 
statistically significant. Data presented are representative of multiple independent repeat 
experiments. 
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SUPPLEMENTAL MATERIAL 

 
Supplemental figure S1: Effects of mineral exposure on NHBE cell viability (24h). Cell viability as 
determined by the trypan blue exclusion assay. NHBE cells were exposed to 3 equal surface area 
doses (x106μm2/cm2) (respectful mass-based doses below) for 24h. Subsequently cells were collected 
and viability determined (viable cells unstained). Values are represented as the percent viable cells vs. 
unexposed controls. For each condition, N = 3 and results represent pooled data from two 
independent experiments (due to limited life-span of primary cells). (*) p< 0.05 vs. unexposed 
controls. 
 

 
Supplemental figure S2: Effects of mineral exposure on BEAS2B cell viability (24h). Cell viability 
as determined by the trypan blue exclusion assay. NHBE cells were exposed to 2 equal surface area 
doses (x106μm2/cm2) for 24h. Subsequently cells were collected and viability determined (viable cells 
unstained). Values are represented as the percent viable cells vs. unexposed controls. For each 
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condition N = 3 and results are representative of 3 independent experiments. (*) p< 0.05 vs. 
unexposed controls. 

 
 
 

 
Supplemental figure S3: Confirmation of microarray findings in NHBE cell by QRT-PCR. NHBE 
cells were exposed to asbestos and silica (same doses as microarray) in an independent experiment 
(24h). Steady-state mRNA levels were determined by QRT-PCR for (A) IL8, (B) MMP1, and (C) 
BIRC3. Expression levels were normalized to the housekeeping gene, HPRT (Hypoxanthine 
phosphoribosyltransferase 1). Values represented are the mean ± SEM. N = 3, (*) p<0.05. 
 
 
Supplemental table legends (the supplementary tables are available online via the 
journal website):  
Supplemental table S1: Probe-sets significantly altered by asbestos (15) vs. unexposed controls. List 
of all probe-sets significantly altered by asbestos (15) in NHBE cells (24h). List includes Probe-set ID 
(Affymetrix ID), Entrez Gene Name, Gene Symbol, Fold-change value, and adj.p-value. Probe-sets are 
listed in order of decreasing fold-change value (highest expression to lowest expression. Threshold 
cut-off of 1.5-fold vs. controls with an adj.p <0.05. 
 
Supplemental table S2: Probe-sets significantly altered by silica (15) vs. unexposed controls. List of 
all probe-sets significantly altered by silica (15) in NHBE cells (24h). List includes Probe-set ID 
(Affymetrix ID), Entrez Gene Name, Gene Symbol, Fold-change value, and adj.p-value. Probe-sets are 
listed in order of decreasing fold-change value (highest expression to lowest expression. Threshold 
cut-off of 1.5-fold vs. controls with an adj.p <0.05. 
 
Supplemental table S3: Probe-sets significantly altered by silica (75) vs. unexposed controls.  List of 
all probe-sets significantly altered by Silica (75) in NHBE cells (24h). List includes Probe-set ID 
(Affymetrix ID), Entrez Gene Name, Gene Symbol, Fold-change value, and adj.p-value. Probe-sets are 
listed in order of decreasing fold-change value (highest expression to lowest expression. Threshold 
cut-off of 1.5-fold vs. controls with an adj.p <0.05. 
 
Supplemental table S4: Probe-sets commonly altered by asbestos (15) and silica (75). List of probe-
sets significantly altered by both asbestos (15) and silica (75) in NHBE cells (249 probe-sets; 198 
genes). Probe-sets are listed in order of decreasing fold-change value (asbestos (15) vs. unexposed 
controls). Threshold cut-off of 1.5-fold vs. controls with an adj.p <0.05. †Fold-change values for 
asbestos (15) vs. unexposed controls. 
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ABSTRACT 
Background: Exposure to respirable crystalline silica particles, as opposed to amorphous 
silica, is associated with lung inflammation and pulmonary fibrosis (silicosis). We used 
Affymetrix/GeneSifter microarray analysis to determine whether gene expression profiles 
differed in a human bronchial epithelial cell line (BEAS 2B) exposed to cristobalite vs. 
amorphous silica particles at non-toxic and equal surface areas (75 and 150 X 106μm2/cm2). 
Bioplex analysis also was used to determine profiles of secreted cytokines and chemokines in 
response to both particles. Finally, primary human bronchial epithelial cells (NHBE) were 
used to comparatively assess silica particle-induced alterations in gene expression.  
Results: Microarray analysis at 24 hours in BEAS 2B revealed 333 and 631 significant 
alterations in gene expression induced by cristobalite at low (75) and high (150 X 
106μm2/cm2) amounts, respectively (p<0.05/cut off ≥2.0-fold change). Exposure to 
amorphous silica micro-particles at high amounts (150 X 106μm2/cm2) induced 108 
significant gene changes. Bioplex analysis of 27 human cytokines and chemokines revealed 9 
secreted mediators (p<0.05) induced by crystalline silica, but none were induced by 
amorphous silica. QRT-PCR revealed that cristobalite selectively up-regulated stress-related 
genes and cytokines (FOS, ATF3, IL6 and IL8) early and over time (2, 4, 8, and 24 h). 
Patterns of gene expression in NHBE cells were similar overall to BEAS 2B cells. At 
75x106μm2/cm2, there were 339 significant alterations in gene expression induced by 
cristobalite and 42 by amorphous silica. Comparison of genes in response to cristobalite 
(75x106μm2/cm2) revealed 60 common, significant gene alterations in NHBE and BEAS 2B 
cells. 
Conclusion: Cristobalite silica, as compared to synthetic amorphous silica particles at equal 
surface area concentrations, had comparable effects on the viability of human bronchial 



epithelial cells. However, effects on gene expression, as well as secretion of cytokines and 
chemokines, drastically differed, as the crystalline silica induced more intense responses.  Our 
studies indicate that toxicological testing of particulates by surveying viability and/or 
metabolic activity is insufficient to predict their pathogenicity. Moreover, they show that 
acute responses of the lung epithelium, including up-regulation of genes linked to 
inflammation, oxidative stress, and proliferation, as well as secretion of inflammatory and 
proliferative mediators, can be indicative of pathologic potential using either immortalized 
lines (BEAS 2B) or primary cells (NHBE). Assessment of the degree and magnitude of these 
responses in vitro are predictive in determining the pathogenicity of potentially harmful 
particulates.  
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BACKGROUND  
Occupational and environmental exposure to fine and ultrafine particulates is rapidly 
becoming an overwhelming area of concern. With increasing numbers and compositional 
heterogeneity of potentially harmful natural and synthetic particulates, there is a vital need for 
screening assays to determine their potential pathogenicity.  Crystalline silica particles are 
known to cause silicosis (a pneumoconiosis) and have other detrimental respiratory effects 
when inhaled in excessive amounts [1]. Airborne exposures are also associated with lung 
inflammatory diseases, increased susceptibility to infection, as well as lung cancers, 
especially in smokers [2, 3].  Crystalline silica was stated to be a Class I carcinogen (IARC 
1997), though epidemiologic data are inconsistent, and its carcinogenic potential in non-
smokers remains controversial [4]. Exposure to crystalline silica is associated with industries 
and occupations including, sandblasting, ceramics, cement manufacture, construction, and 
quarry and foundry workers [2, 5-8]. Although crystalline silica exists in many different 
polymorphs, those of particular concern are the naturally occurring polymorphs quartz, 
cristobalite and tridymite [9]. Cristobalite was used in  studies here because of its higher 
bioreactivity when compared to quartz in a rat inhalation model [10].  
Inhalation of crystalline silica or other pathogenic minerals, such as asbestos and airborne 
particulate matter (PM), results in lung injury by mechanisms which are not well understood 
[11, 12].  Crystalline silica particles induce extensive inflammatory and proliferative effects in 
vitro and in vivo [13-19].  Activation of several signalling pathways, including the mitogen-
activated protein kinases (MAPKs) [20-22] as well as transcription factors including activator 
protein-1 (AP-1) [23] and nuclear factor kappa B (NFκB), are thought to contribute to the pro-
inflammatory, toxic and mitogenic effects of silica [24].  Understanding the broad spectrum of 
initial events induced by particulate-cell interactions is crucial to revealing the molecular 
mechanisms that contribute to inflammation, abnormal proliferation and cross-talk between 
epithelial cells and other cell types in the lung.  
Here we focused on lung epithelial cells, which initially interact with respirable particles after 
inhalation to provide insight into molecular events initiating silica-induced disease processes.  
Since surface area, as opposed to equal mass concentration, has been shown to be a more 
appropriate parameter of dosing to determine the effects of fine and ultrafine particulates in 
biological systems [25-28], human bronchial epithelial cells were exposed to crystalline silica 
(cristobalite) or amorphous silica  (synthetic, dense silica spheres) at non-toxic and equal 
surface area concentrations. As previous studies from our group have shown that the 
magnitude and duration of gene expression alterations in human mesothelial cells by asbestos 
fibers may be predictive of their pathogenic potential [29-31], we utilized robust microarray 
profiling to compare responses of human lung epithelial cells to pathogenic crystalline vs. 
amorphous silica. Our findings link the extent of changes in gene expression and cytokine 
production to silica crystallinity and pathogenicity in silicosis.  
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RESULTS AND DISCUSSION 
Cristobalite and amorphous silica particles have equal effects on viability of BEAS 2B 
cells 
Surface area concentration is a more relevant dosing parameter than equivalent weight 
comparisons of particles as the biological activity of particles is largely based on their 
respective surface characteristics [28, 32-34].  Much of this is accredited to the ability of 
pathogenic particles to produce   reactive oxygen and nitrogen species (ROS and RNS) [35] 
that promote inflammatory responses and cellular injury [36].  The surface areas of 
cristobalite and amorphous silica particles (dense silica micro-spheres) were determined by 
BET nitrogen adsorption analysis [31]. Table 1 presents the surface area/unit mass (m2/g) and 
other properties of cristobalite and amorphous silica particles, including chemical composition 
(SiO2), which is confirmed in supplementary figure 1 by SEM-EDS analysis. To avoid use 
of lethal concentrations of particles, we first performed cell viability assays over a range of 
concentrations. Both particles had dose-responsive effects on viability, inducing only about 
15% loss of viability (non-significant) at highest concentrations (150 X 106 μm2/cm2) over a 
24 h period (Figure 1). Both a low (75 X 106 μm2/cm2) and high dose (150 X 106 μm2/cm2) 
of crystalline silica particles and a high dose (150 X 106 μm2/cm2) of amorphous silica were 
evaluated by microarray and Bioplex analysis for gene expression and cytokine/chemokine 
secretion, respectively.   
 
Table 1: Silica particle characterization. This table summarizes silica particle characteristic of 
cristobalite and amorphous silica particles used in all experiments, presenting from left to right, the 
particle name, chemical composition, surface area, mean diameter and the source of the particles. 
 
Particle Chemical 

Comp. 
S.A. 
(m2/g)a 

Mean size 
(μm)b 

Source† 

Cristobalite SiO2 5.1 1.5 ± 2.6  C&E Mineral Corp, King of Prussia, PA 

Amorphous SiO2 2.2 3.5 ± 0.3  University of Vermont, Dept. of Chemistry 

a S.A. = Surface area/ mass (m2/g). 
b Mean particle diameter ± geometric standard deviation 
†See sources for description of cristobalite [75] and amorphous silica particles described in Methods 
and [74]. 
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Figure 1: Assessment of BEAS 2B cell viability after exposure to silica particles. Cell viability 
assessed by the Trypan blue exclusion assay of cells exposed to cristobalite (A) and amorphous silica 
particles (B) for 24 h. Results are expressed as the mean percent viable cells compared to unexposed 
controls ±SEM and are representative of 3 independent experiments (N =3 for each group in each 
experiment). *Significantly different from controls (P<0.05). a denotes the surface area concentrations 
expressed as ( X 106 μm2/cm2) and bdenotes the respective mass concentrations of particles used 
(μg/cm2). Concentrations presented are represented by surface area for all other figures and tables. 
 
Cristobalite and amorphous silica particles interact with and are taken up by BEAS 2B 
cells 
To determine whether both particle types were taken up by lung epithelial cells, scanning 
electron micrographs (SEM) of BEAS 2B cells exposed to silica particles (75 X 106 
μm2/cm2) were examined at 2 and 24 h (Figure 2). The presence of silica particles was 
confirmed by electron dispersion spectroscopy (EDS) analysis, in which a spectrum was taken 
of a point “on-particle” showing a strong silicon (Si) peak and an “off-particle” spectrum, 
which contained no (Si) peak.  Both cristobalite and amorphous silica particles interacted with 
cells at 2 h and were internalized by 24 h (Figure 2). No major toxic effects were observed, 
correlating with results of cell viability studies.  Based on these results, we investigated 
alterations in gene expression and mediator secretion at these non-toxic particle doses. 
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Figure 2: Interaction and uptake of silica particles by BEAS 2B cells. Scanning Electron 
Micrographs (SEM) of BEAS 2B cells Unexposed controls (A,B), Exposed to Cristobalite (75 X 106 
μm2/cm2) for 2 h (C,D) , 24 h (E,F) and amorphous silica (75 X 106 μm2/cm2) for 2 h (G,H) and 24 h 
(I,J). Panels on the left are at low magnification (500X) scale bar = 50μm and on the right at high 
magnification (2500X) scale bar = 10μm. White arrows indicate silica particles. 
 
Microarray analysis reveals robust changes in gene expression profiles in BEAS 2B cells 
exposed to cristobalite vs. amorphous silica particles 
It has been shown both in vitro and in vivo that crystalline silica particles are more 
biologically active and pathogenic than amorphous silica particles [19, 37-39]. Therefore, we 
sought to determine if there were significant differences in how different silica particles 
(crystalline vs. amorphous) would affect gene expression and mediator secretion at equal 
surface area concentrations in the BEAS 2B immortalized cell line. Affymetrix/GeneSifter 



Chapter 4 – Silica crystallinity & pathogenicity 

 
85 

 

analysis of BEAS 2B cells exposed to cristobalite silica at 75 and 150 X 106 μm2/cm2 were 
compared to patterns using amorphous silica particles at 150 X 106 μm2/cm2 for 24 h, the 
time point of maximum gene expression observed with pathogenic particulates in previous 
studies [29-31].  A dose-responsive pattern was observed with cristobalite silica that induced 
a total of 333 and 631 significant gene changes at 75 and 150 X 106 μm2/cm2, respectively 
(p<0.05 with a cut-off of ≥2.0-fold change compared to controls).  In addition, expression of 
certain genes was dose-responsive as well. For instance, matrix metallopeptidase 1 (MMP1) 
gene expression was increased 16-fold and 44-fold at 75 and 150 X 106 μm2/cm2, 
respectively (Table 2).  This dose responsive trend was observed overall in mRNA levels of 
the 10 most highly expressed genes after cristobalite exposures as presented in Table 2. 
However, amorphous silica particles, at the highest surface area concentration (150 X 106 
μm2/cm2), induced only 108 significant gene changes, nearly 6-fold less than cristobalite 
silica (Figure 3A).  Of the 108 changes induced by amorphous silica, 93 of these changes 
were also induced by cristobalite silica at the same concentration. 
Gene ontology (GO) analysis then was used to categorize changes in gene expression caused 
by silica particle exposures (Figure 3B-D).  Ten categories of interest (cell signalling, cell 
adhesion, cell proliferation, apoptosis, regulation of programmed cell death, protein metabolic 
processes, immune response, cell motility, oxidation-reduction, and cell matrix adhesion) 
were used to classify gene changes [29-31].  Interestingly, patterns of both cristobalite silica 
and amorphous silica-induced mRNA expression were similar, with most gene expression 
alterations related to cell signalling and proliferation, apoptosis, protein metabolic processes 
and immune responses.  Though the intensity of gene changes (both in number and magnitude 
or fold-change) was dose-dependent, overall the same patterns of change were seen 
(Supplementary figure 2).  These five categories account for 77, 73 and 80% of gene 
changes in BEAS 2B cells exposed to cristobalite at 75 and 150 X 106 μm2/cm2 and 
amorphous silica at 150 X 106 μm2/cm2, respectively.  
Table 2 lists the top 10 gene changes induced by cristobalite vs. amorphous silica. The 
majority of the top 10 up-regulated genes are related to immune response (OAS1, OAS2, 
OASL, IFI44, IFI44L, BLNK), apoptosis (MX1, BTG2, IL24 and IFI27) cell signalling (MX2) 
and dissolution of extracellular matrix (MMP1).  These genes may contribute to the 
development of silicosis or, in the case of MMP1, repair of lung injury. Similar changes in 
gene expression were observed in a recent study investigating common gene expression 
responses of macrophages to a number of pathogens including toll-like receptor (TLR) 
agonists, Salmonella, and silica nanoparticles in which the authors described a “macrophage 
core response module” [40]. Common changes compared with results in Table 2 include: 
MX1, MX2, OAS1, OAS2, and IFI44.  In our studies, several other genes included in this 
“macrophage core response module” were also altered in expression (p < 0.05) by cristobalite 
including EGR1, EGR2, FOS, GADD45B, IFIT1, IFIT2, JUN, MAFB, PLAU, and PTGS1.  
These results indicate that foreign materials consistently affect a number of common genes in 
both macrophages and lung epithelial cells.  The specific roles these genes play in the 
development of lung disease is not well understood; however, they appear to be elicited in 
acute responses to foreign materials and infectious agents.  How these rapid responses affect 
epithelial cells and macrophages, respectively as well as cross-talk between these cells, is not 
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understood, but they may be important, initial mechanisms of cell response to crystalline 
silica.  
 

 
Figure 3: Microarray analysis of BEAS 2B cells in response to silica particle exposure (24 h). (A) 
Total number of significant gene changes (p<0.05) with a cut-off of ≥2.0-fold change in expression 
compared to unexposed controls in BEAS 2B exposed for 24 h (total number of gene changes). Gene 
ontology analysis of BEAS 2B exposed to (B) Cristobalite at 75 X 106 μm2/cm2, (C) 150 X 106 
μm2/cm2 and (D) amorphous silica at 150 X 106 μm2/cm2. (A-D) positive values represent number of 
genes up-regulated (Black bars) and negative values represent number of gene down-regulated (white 
bars).  
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Table 2: Top 10 genes affected by 24 h exposure to silica particles in BEAS 2B. Top 10 genes in 
BEAS 2B cells up and down-regulated by 24 h exposure to cristobalite silica at 75 and 150 X 106 
μm2/cm2 and amorphous silica particles at 150 X 106 μm2/cm2. 
 
Gene Name (Abbreviation) Fold Change a 

 Cristobalite Amorphous 
 75b 150b 150b 

Up-regulated ▲    
Myxovirus (influenza virus) resistance 2 (mouse) (MX2) 20.86 73.76 22.33 
Matrix metallopeptidase 1 (interstitial collagenase) (MMP1) 16.12 44.68 18.75 
Sodium Channel, voltage-gated, type III, beta (SCN3B) 15.33 20.54 NC 
2’-5’-oligoadenylate-synthetase 2, 69/71kDa (OAS2) 13.56 34.77 12.17 
Myxovirus (influenza virus) resistance 1, interferon-inducible 
protein p78 (mouse) (MX1) 

9.61 23.33 8.72 

Interferon-induced protein 44-like (IFI44L) 7.64 22.82 8.63 
Interferon-induced protein 44 (IFI44) 7.51 19.90 8.24 
B-cell Linker (BLNK) 7.24 9.32 NC 
BTG family, member 2 (BTG2) 7.22 8.56 NC 
Carcinoembryonic antigen-related cell adhesion molecule 1 
(CEACAM1) 

7.19 11.05 NC 

2’-5’-oligoadenylate synthetase 1, 40/46kDa (OAS1) 7.09 20.53 6.75 
Interferon, alpha-inducible protein 27 (IFI27) 6.59 17.62 6.15 
2’-5’-oligoadenylate synthetase-like (OASL) 6.80 18.85 6.92 
Radical S-adenosyl methionine domain containing (RSAD1) 5.45 23.25 6.09 
Interleukin 24 (IL24) 3.88 8.54 6.47 
Down-regulated ▼     
Collagen, type I, alpha 2 (COL1A2) 6.08 10.86 2.12 
Hypoxia inducible factor 3, alpha subunit (HIF3A) 4.51 7.18 3.94 
Collagen, type I, alpha 1 (COL1A1) 4.17 5.52 NC 
Methyltransferase like 7A (METTL7A) 4.11 5.67 2.89 
Cytochrome P450, family 4, subfamily B, polypeptide 1 (CYP4B1) 3.93 5.55 3.07 
Olfactomedin-like 3 (OLFML3) 3.91 5.28 2.06 
Mitogen-activated protein kinase kinase 6 (MAP2K6) 3.86 4.78 3.21 
Collagen, type XI, alpha 1 (COL11A1)  3.85 5.46 NC 
Potassium inwardly-rectifying channel, subfamily J, member 16 
(KCNJ16) 

3.78 7.11 3.49 

Cannabinoid receptor 1 (brain) (CNR1) 3.75 5.44 3.48 
Calcium channel, voltage-dependent, alpha 2/delta subunit 3 
(CACNA2D3) 

3.53 3.49 2.65 

Solute carrier family 38, member 4 (SLC38A4) 3.16 3.76 2.65 
Leucine rich repeat containing 17 (LRRC17) 3.14 5.07 3.61 
Protocadherin 9 (PCDH9) 2.98 3.69 2.65 
 

a Fold change (mRNA) expression (p < 0.05) cut-off ≥2.0-fold compared to controls (n = 3). Top 10 
genes from each exposure group. 
b Silica particle concentrations: ( X 106 μm2/cm2)    NC = No Change 
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Steady state mRNA levels of stress-related and inflammatory genes are induced early 
and selectively by cristobalite in BEAS 2B cells. 
Based on the results of our microarray analyses, we investigated some genes of interest using 
qRT-PCR to confirm changes found in microarrays as well as to determine their time-course 
of induction in BEAS 2B cells. Genes investigated (up-regulated by cristobalite at 75 and 150  
X 106 μm2/cm2 in microarray) included the early response gene FOS (2.12, 3.51-fold), a 
member of the activator protein-1 (AP-1) transcription factor complex [41], activating 
transcription factor 3 ATF3 (2.68, 3.16-fold), which is up-regulated in gene-profiling by 
several particulates in human mesothelial cells [29-31, 42], and the pro-inflammatory 
cytokines IL6 (2.12, 2.59-fold) and  IL8 (2.12, 2.65-fold), both  shown to be up-regulated by 
crystalline silica in A549 cells and a number of in vitro and in vivo models [20, 43-47].   
In all cases, mRNA levels of these genes were only up-regulated by crystalline in contrast to 
amorphous silica (Figure 4). Consistent with its role as an early response gene, FOS 
expression was significantly increased at 2 h and peaked at 4 h post-exposure to silica (Figure 
4A).  These findings indicate that stress-response genes are rapidly activated by crystalline 
silica but not by amorphous silica particles in human lung epithelial cells.  It has previously 
been demonstrated that FOS expression is increased by alpha quartz, DQ12 (quartz) and coal-
mine dust with high quartz concentrations in a murine alveolar type II cell line (C10) [22, 48].   
In addition, ATF3 was significantly up-regulated by crystalline silica as early as 4 and up to 
24 h (Figure 4B).  In studies investigating gene expression induced by asbestos in human 
mesothelial and bronchial epithelial cells [30, 31, 42, 49], as well as by cigarette smoke 
extract in 3T3 fibroblasts [50] and benzo(a)pyrine diol-epoxide (BPDE) in bronchial epithelial 
cells [42], ATF3 expression is significantly increased.  Moreover, Shukla et. al. [31], 
demonstrated that ATF3 expression was causally linked to the release of cytokines from 
human mesothelial cells exposed to asbestos fibers using siRNA approaches.   
To our knowledge, up-regulation of ATF3 by crystalline silica particles has not been reported 
previously.  It is possible, based on our earlier work [31] and results below, that ATF3 may be 
linked to secreted-mediator release from bronchial epithelial cells.  For example, IL6 and IL8, 
which are linked to early inflammatory response, are up-regulated at the mRNA level and 
released from lung epithelial cells, alveolar macrophages, and in BALF of mice exposed to 
crystalline silica [20, 43-46]. Our studies show that IL6 and IL8 mRNA levels are up-
regulated significantly (p < 0.05) at 4 and 8 h by cristobalite, and 24 h as well for IL8, (Figure 
4C, D). In summary, data in Figure 4 show that stress-response and pro-inflammatory genes 
are up-regulated early and over time, peaking at 4 h, in human bronchial epithelial cells by 
crystalline, but not amorphous silica particles.  As both particle types are similar in size and 
chemical composition, non-toxic to, and taken up by BEAS 2B cells, their differential effects 
on gene expression may be related to differences in crystallinity. 
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Figure 4: BEAS 2B steady state mRNA levels over time with exposure to silica particles of stress-
related and immune response genes. Time-course analysis of mRNA levels by qRT-PCR of BEAS 2B 
cells exposed to 75 X 106 μm2/cm2 cristobalite (black bars) and amorphous silica (gray bars) and 
unexposed controls (white bars) for 2, 4, 8 and 24 h. Fold change in mRNA of (A) c-fos, (B) ATF3, (C) 
IL-6 and (D) IL-8. *p<0.05 compared to unexposed controls. Bars denote mean ± SEM of N = 3 
samples per group, † N = 6 samples for c-fos and ATF3 at 24 h.   
 
Cristobalite silica selectively induces pro-inflammatory and angiogenic cytokine and 
chemokine secretion from BEAS 2B cells 
Figure 5 shows the results of Bioplex assays. Levels of 9 cytokines/chemokines in medium 
were increased (p < 0.05) selectively by cristobalite and 2 were decreased by both silica types 
when compared to unexposed control cells. As for the remainder of the 27 cytokines and 
chemokines surveyed, 8 (IFNγ, IP-10, IL-1β, IL-7, IL-9, IL-10, MIP-1α and MIP-1β) yielded 
insignificant changes when compared to unexposed controls, and 8 (IL-1ra, IL-2, IL-4, IL-5, IL-
17, Eotaxin, GM-CSF and TNFα) were below the lowest detection limit of the assay.  Exposure of 
BEAS 2B cells to cristobalite at 75 and 150 X 106 μm2/cm2 for 24 h caused dose-responsive and 
significant release of Interleukin-6 (IL-6), IL-8, IL-12 (p70), IL-13, regulated on activation 
normal T-cell expressed and secreted (RANTES), granulocyte colony-stimulating factor (G-
CSF), basic fibroblast growth factor (bFGF/FGF-2), platelet-derived growth factor-BB (PDGF-
BB), and vascular endothelial growth factor (VEGF) (Figure 5).  Interestingly, amorphous silica, 
even at the high surface area concentration (150 X 106 μm2/cm2) did not induce increased 
secretion of any of these mediators.  However, amorphous silica induced a significant decrease in 
the amount of interleukin-15 (IL-15) detected in medium, and both cristobalite and amorphous 
silica caused significant decreases in the amounts of monocyte chemotactic protein-1 (MCP-1; 
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MCAF) secreted by BEAS 2B cells.  Possible roles of IL-12 and IL-15  have been addressed in 
mouse inhalation models of silicosis [51].  However, it appears that innate immunity (as opposed 
to adaptive responses) plays a much stronger role in the development of silicosis [52], suggesting 
that IL-12 may have a less likely role in silica-induced disease. 
 

 
 
Figure 5: Bioplex analysis of secreted cytokines and chemokines in medium of BEAS 2B cell 
exposed to silica particles 24 h. Cell-free conditioned medium of BEAS 2B exposed to silica particles 
for 24 h was assayed for 27 cytokines and chemokines. Presented in this panel are the 11 which 
yielded significant differences from untreated controls in levels of secreted proteins: Interleukin-6 (IL-
6), Interleukin-8 (IL-8), Interleukin-12 (p70) (IL-12 (p70)), Interleukin-13 (IL-13), Interleukin-15 (IL-
15), Monocyte chemotactic protein-1 (MCP-1 or MCAF), Regulated upon activation, normal T-cell 
expressed and secreted (RANTES), Granulocyte-colony stimulating factor (G-CSF), Basic fibroblast 
growth factor (bFGF), Platelet derived growth factor-BB polypeptide (PDGF-BB) and Vascular 
endothelial growth factor (VEGF). White bars (unexposed controls), black bars (cristobalite silica) 
and gray bars (amorphous silica) *Significantly different from unexposed controls (p<0.05), 
†Significantly different compared to amorphous silica (p<0.05).   
 
It has been shown by others that crystalline silica particles induce expression and secretion of IL-6 
and IL-8 [20, 43-47], potent mediators promoting acute phase responses and inflammation in lung 
diseases [53-56], and thus are implicated in silicosis [57]. Increased levels of RANTES and MCP-
1/MCAF expression also have been reported in alveolar type II cells exposed to cristobalite silica 
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[43], though increased expression of MCP-1 was seen early and had nearly diminished by 24 
hours.  Our studies show decreased levels of MCP-1/MCAF in medium of both crystalline and 
amorphous silica exposed BEAS 2B cells.  Since both RANTES and MCP-1 are associated with 
recruitment of monocytes, lymphocytes and granulocytes [58], their decreased release by particles 
might indicate a mechanism of lung defense.  In contrast, G-CSF is an extremely strong 
potentiator of neutrophilic response and recruitment (as reviewed in [59]), and is implicated in 
development of inflammation and pulmonary fibrosis [18].  
In addition to modulators of inflammation, the proliferative and angiogenic factors, bFGF, VEGF 
and PDGF-BB were released from BEAS 2B cells exposed to cristobalite silica.  PDGF-BB, a 
promoter of angiogenesis and cell proliferation, is implicated in silicosis and other 
pneumoconioses [60, 61], and its expression may correlate with disease progression.  Increased 
levels of serum VEGF are also observed in patients with idiopathic pulmonary fibrosis (IPF) [62].  
In contrast, VEGF derived from myeloid cells is anti-fibrotic in a mouse model of pulmonary 
fibrosis [63].  Perhaps the cell of origin or location of VEGF secretion or the concentration of 
VEGF plays pivotal roles in the development and progression of pulmonary fibrosis. 
Our data, consistent with other studies using crystalline silica in bronchial epithelial cells, shows 
that epithelial cells also have the ability to secrete bFGF in response to crystalline silica [64, 65].  
However, our study shows that crystalline silica as opposed to amorphous silica particles 
selectively induced bFGF secretion. This may indicate an autocrine or paracrine role of epithelial 
cell-derived bFGF in promoting fibrotic disease as it has been shown that bFGF promotes 
fibroblast proliferation in a transforming growth factor-β (TGF-β) model of epithelial-
mesenchymal transition [66, 67] and in the development and progression of interstitial pulmonary 
fibrosis (IPF) [68].   Additionally, it has been shown that bFGF is associated with mast cells in 
human silicotic lungs [69]. 
Taken together, a number of pro-inflammatory, proliferative and angiogenic factors are released 
from lung epithelial cells, which are initial target cells of silica-induced disease.  How these 
factors may interact with and regulate the airway environment is crucial in delineation of the role 
the epithelium plays in initiation and progression of silica-induced fibrosis.   
 
Assessment of cell viability and gene expression induced by silica particles in primary 
human bronchial epithelial cells (NHBE) 
NHBE cells were used to confirm results from experiments with BEAS 2B cells as these cells are 
primary as opposed to immortalized human bronchial epithelial cells and may be more responsive 
to particles. Figure 6 shows changes in cell viability and gene expression in primary NHBE cells 
by  cristobalite and amorphous silica particles.  When compared to BEAS 2B cells, NHBE cells 
were more sensitive to the toxicity of silica particles.  After 24 h, both types of silica particles at 
15, 75 and 150 X 106 μm2/cm2 caused between 25-46% loss of viable cells (Figure 6A).  
Although particle exposures induced significant (p<0.05) decreases in the percentage of viable 
cells compared to unexposed controls, no significant differences were observed between toxicity 
of cristobalite vs. amorphous silica at equal surface area concentrations.  Based on these results, 
we chose to expose NHBE cells to cristobalite silica at the lowest (15) and a higher (75) surface 
area concentration and amorphous silica at 75 X 106 μm2/cm2 in microarray analyses.  
Cristobalite at 15 X 106 μm2/cm2 induced only 6 significant gene changes, though at the higher 
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dose (75 X 106 μm2/cm2), 339 significant changes were detected.  Interestingly, this is nearly the 
same number of significant changes (333) induced in BEAS 2B cells at the same exposure 
concentration (Figure 3A).  In addition, amorphous silica at 75 X 106 μm2/cm2, i.e. half the dose 
used in BEAS 2B cells (Figure 3A), produced 42 significant changes.  
Gene ontology analysis of the gene expression alterations in NHBE cells exposed to silica 
particles was performed to compare the trends seen in BEAS 2B cells and to allow examination of 
similarities and differences between cells (Figure 6 C-E, Supplementary figure 2).  The gene 
expression pattern of NHBE cells exposed to cristobalite or amorphous silica particles followed 
nearly the same patterns of expression with most gene changes categorized in the realms of cell 
signaling and proliferation, apoptosis, protein metabolic process and immune response. 
 

 
 
Figure 6: Assessment of cell viability and microarray analysis of NHBE cells in response to silica 
particle exposure. Effects of silica particles on NHBE cells after 24 h exposures. (A) Cell viability 
assessed by the Trypan blue exclusion assay (N=3 in 2 independent experiements) *p<0.05 compared 
to controls. NS = Not Significant for comparison of all exposure groups. (B) Total number of gene 
changes ≥2.0-fold vs. Controls induced by silica particle exposure for 24 h (total number gene 
changes). (C-E) Gene ontology analysis of total number of gene changes in 10 categories of interest 
(Cell Signaling, Cell Adhesion, Cell Proliferation, Apoptosis, Regulation of Programmed Cell Death, 
Protein Metabolic Process, Immune Response, Cell Motility, Oxidation-Reduction and Cell Matrix 
Adhesion) for (A-D) positive values (number of genes up-regulated) and negative values (number of 
gene down-regulated). 
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Table 3  presents the top 10 genes up and down-regulated by cristobalite and amorphous silica 
particles in NHBE cells.  IL8, at the top of this list, was up-regulated by cristobalite 4.37 and 
28.47-fold at 15 and 75 X 106 μm2/cm2 respectively. However, there was no increase in 
expression by amorphous silica particles.  Interestingly, TXNIP was up-regulated by both 
cristobalite and amorphous silica by 9.74-fold and 31.14-fold respectively. This protein binds to 
NLRP3 and promotes inflammasome activation in response to oxidative stress [70].   Other genes 
of interest in this table include BIRC3, BCL2A1 and TNFAIP3, which are involved in regulation of 
apoptosis. When comparing the top 10 genes altered in expression by crystalline silica particles in 
BEAS 2B and NHBE cells, only one gene, Solute carrier family 38, member 4 (SLC38A4), a 
sodium-dependent amino acid symporter, is common to both cells  (within the top 10). However, 
when all gene expression changes by cristobalite silica were compared in BEAS 2B and NHBE 
cells (Table 4), we found 60 genes commonly altered (57 up-regulated and 3 down-regulated).  Of 
these 60 genes, 36 were altered in both cell types at the same surface area concentration (75 X 106 
μm2/cm2) and 57 were commonly altered in NHBE cells at 75 X 106 μm2/cm2 vs. BEAS 2B at 
150 X 106 μm2/cm2.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



Chapter 4 – Silica crystallinity & pathogenicity 

 
94 
 

Table 3: Top 10 genes affected by 24 h exposure to silica particles in NHBE. Top 10 genes in NHBE 
cells up and down-regulated by 24 h exposure to cristobalite silica at 15 and 775 X 106 μm2/cm2 
μm2/cm2 and amorphous silica particles at 75 X 106 μm2/cm2. 
 
Gene Name (Abbreviation) Fold Change a 

 Cristobalite Amorphous 
 15b 75b 75b 

Up-regulated ▲    
Interleukin 8 (IL8) 4.37 28.47 NC 
Baculoviral IAP repeat-containing 3 (BIRC3) 2.02 19.81 NC 
BCL2-related protein A1 (BCL2A1) NC 19.27 NC 
Tumor necrosis factor, alpha-induced protein 3 (TNFAIP3) 2.33 17.11 NC 
Interleukin 1 family, member 9 (IL1F9) NC 14.14 NC 
GTP binding protein over expressed in skeletal muscle (GEM) NC 12.92 NC 
CD83 molecule (CD83) NC 11.47 NC 
Transcribed locus, strongly similar to NP_006463.2 thioredoxin 
interacting protein 

NC 11.09 27.95 

Inhibin, beta A (INHBA) NC 10.25 NC 
Thioredoxin interacting protein (TXNIP) NC 9.74 31.14 
Heat shock 70kDa protein 1A (HSPA1A) 2.01 7.56 2.57 
Crystallin, mu (CRYM)  NC 4.97 2.35 
G0/G1 switch 2 (G0S2) NC 3.51 3.12 
Transcribed locus NC NC 2.73 
Calcium binding tyrosine-(Y)-phosphorylation regulated (CABYR) NC 2.51 2.55 
Non-protein coding RNA 84 (NCRNA00084)  NC NC 2.53 
Sarcoglycan, gamma (35kDa dystrophin-associated glycoprotein) 
(SGCG) 

NC NC 2.50 

Cytoplasmic FMR1 interacting protein 2 (CYFIP2) NC NC 2.48 
Down-regulated ▼      
Sulfatase NC 3.59 NC 
Peroxisome proliferator-activated receptor gamma, coactivator 1 
alpha (PPARGC1A) 

NC 3.52 NC 

Solute carrier family 38, member 4 (SLC38A4) NC 3.43 NC 
Amyotrophic lateral sclerosis 2 (juvenile) chromosome region, 
candidate 8 (ALS2CR8) 

NC 3.18 2.00 

Growth arrest-specific 1 (GAS1)  NC 2.84 NC 
Hexokinase 2 (HK2) NC 2.69 NC 
F-box protein 9 (FBXO9) NC 2.68 NC 
Hairy/enhancer-of-split related with YRPW motif 1 (HEY1) NC 2.62 NC 
CDNA FLJ37852 fis, clone BRSSN2014513 NC 2.61 NC 
Growth hormone receptor (GHR) NC 2.59 NC 
Solute carrier family 16, member 7 (monocarboxylic acid transporter 
2) (SLC16A7) 

NC 2.50 NC 

Transglutaminase 3 (E polypeptide, protein-glutamine-gamma-
glutamyltransferase) (TGM3) 

2.13 NC NC 

Follistatin (FST)  NC NC 2.43 
Homo sapiens clone FLB9440 PRO2550 mRNA, complete cds NC 2.32 2.18 
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Ribonucleotide reductase M2 polypeptide (RRM2) NC NC 2.12 
PPPDE peptidase domain containing 1 (PPPDE1) NC 2.23 2.06 
 a Fold change (mRNA) expression (p < 0.05) cut-off ≥2.0-fold compared to controls (n = 3). Top 10 
genes from each exposure group. 
b Silica particle concentrations: ( X 106 μm2/cm2) 
NC = No Change 
 
 
Table 4: Genes commonly affected by 24 h cristobalite exposure in NHBE and BEAS 2B cell. Sixty 
genes (57 up-regulated and 3 down-regulated) found commonly altered by exposure to cristobalite 
silica in NHBE cells and BEAS 2B cells from microarray analysis. 
 
Gene Name (Abbreviation) Fold Changea 

   Cell Type 
(Cristobalite)b 

NHBE 
(75) 

BEAS 2B 
(75) 

BEAS 2B 
(150) 

Up-regulated ▲    
Interleukin 8 (IL8) 28.47 2.12 2.65 
BCL2-related protein A1 (BCL2A1) 19.27 NC 3.08 
Tumor necrosis factor, alpha-induced protein 3 (TNFAIP3) 17.11 2.23 2.95 
GTP binding protein overexpressed in skeletal muscle (GEM) 12.92 NC 2.13 
Inhibin, Beta A (INHBA) 10.25 2.24 3.62 
Interleukin 24 (IL24) 7.62 3.88 8.54 
Heat shock 70 kDa protein 1A (HSPA1A) 7.56 NC 2.34 
Chemokine (C-X-C motif) ligand 3 (CXCL3) 7.42 NC 2.42 
TNF receptor-associated factor 1 (TRAF1) 7.30 2.86 4.22 
Radical S-adenosyl methionine domain containing 2 (RSAD2) 6.92 5.45 23.25 
Early growth response 1 (EGR1) 6.72 2.65 4.63 
Coiled-coil domain containing 85B (CCDC85B) 6.46 3.44 6.11 
FOS-like antigen 1 (FOSL1) 5.80 2.47 3.18 
Early growth response 3 (EGR3) 5.31 NC 2.65 
Jun oncogene (JUN) 4.99 NC 2.00 
Matrix metallopeptidase 1, interstitial collagenase (MMP1) 4.99 16.12 44.68 
2’-5’-oligoadenylate synthetase-like (OASL) 6.80 NC 18.85 
cAMP responsive element binding protein 5 (CREB5) 3.87 3.25 4.10 
Transcribed locus, strongly similar to NP_000337.1 transcription 
factor SOX9 (SOX9) 

3.84 NC 2.12 

Interferon induced with helicase C domain 1(IFIH1) 3.79 NC 3.86 
Heat shock 70kDa protein 6 (HSP70B’) 3.70 4.08 14.39 
Kynureninase (L-kynurenine hydrolase) (KYNU) 3.66 NC 2.19 
Prostaglandin-endoperoxide synthase 2 (PTGS2) 3.56 NC 2.54 
Superoxide dismutase 2, mitochondrial (SOD2) 3.53 NC 2.86 
Interleukin 1 receptor-like 1 (IL1RL1) 3.52 2.89 5.36 
Interferon-induced protein with tetratricopeptide repeats 1 (IFIT1) 3.45 6.01 16.26 
Interferon-induced protein 44 (IFI44) 3.36 7.51 19.90 
Nuclear receptor subfamily 1, group D, member 1 (NR1D1) 3.24 3.01 4.72 
Interferon stimulated exonuclease gene 20kDa (ISG20) 3.21 NC 2.48 
Plasminogen activator, urokinase receptor (PLAUR) 3.14 NC 2.35 
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Transmembrane protein 40 (TMEM40) 3.06 NC 4.15 
Distal-less homeobox 2 (DLX2) 2.99 2.34 3.78 
Niacin receptor 2 (NIACR2 OR GPR109B) 2.87 3.14 NC 
Human 28S ribosomal RNA gene, complete cds. (RNA28S1) 2.86 NC 2.21 
Histone deacetylase 9 (HDAC9) 2.84 3.24 NC 
2’-5’-oligoadenylate synthetase 1, 40/46kDa (OAS1) 7.09 NC 20.53 
Nuclear receptor subfamily 4, group A, member 3 (NR4A3) 2.79 2.58 3.49 
Oxidative stress induced growth inhibitor 1 (OSGIN1) 2.79 NC 2.48 
Smoothelin (SMTN) 2.74 2.38 2.72 
Heme oxygenase (decycling) 1 (HMOX1) 2.69 NC 2.57 
Basic helix-loop-helix family, member e41 (BHLHE41) 2.64 NC 2.34 
ADAM metallopeptidase domain 8 (ADAM8) 2.62 NC 2.08 
Crystallin, alpha B (CRYAB) 2.58 2.26 2.67 
Colony stimulating factor 2 (granulocyte-macrophage) (CSF2) 2.53 4.20 7.37 
Calcium binding tyrosine-(Y)-phosphorylation regulated (CABYR) 2.51 NC 2.19 
Chromosome 1 open reading frame 38 (C1orf38) 2.44 NC 3.04 
2ʼ-5ʼ-oligoadenylate synthetase 3, 100kDa (OAS3) 2.29 2.41 3.84 
Sprouty homolog 4 (Drosophila) (SPRY4) 2.26 2.98 4.64 
Dual specificity phosphatase 5 (DUSP5) 2.23 2.02 2.61 
Ring finger protein 39 (RNF39) 2.22 2.47 3.65 
Leukemia inhibitor factor (Cholinergic differentiation factor) (LIF) 2.21 2.96 4.73 
Sphingosine kinase 1 (SPHK1) 2.11 3.20 4.88 
Interleukin 6 (Interferon, beta 2) (IL6) 2.10 2.12 2.59 
Interleukin 1, alpha (IL1A) 2.09 3.97 6.17 
FBJ murine osteosarcoma viral oncogene homolog B (FOSB) 2.07 3.65 6.37 
Serpin peptidase inhibitor, clade B (ovalbumin), member 2 (PAI2) 2.04 2.16 4.33 
DEAD (Asp-Glu-Ala-Asp) box polypeptide 60 (DDX60) 2.02 2.26 5.01 
Down-regulated ▼    
Sulfatase 1 (SULF1) 3.59 2.01 NC 
Peroxisome proliferator-activated receptor gamma, coactivator 1 
alpha (PPARGC1A) 

3.52 2.85 3.75 

Chromosome 5 open reading frame 13 (C5orf13) 2.05 NC 2.21 
a Fold change (mRNA) expression (p < 0.05) cut-off  ≥ 2.0-fold compared to controls (n = 3) (60 
genes total) 
b Cristobalite silica particle concentrations: ( X 106 μm2/cm2)  
NC = No Change; (Listed in descending order of fold-change in NHBE). 
 
Within this list of commonly affected genes there are a number of transcription factors, 
cytokines/chemokines and receptors, oxidative stress-related, and genes related to the regulation 
of apoptosis, proliferation, cell signaling and ECM breakdown.  The transcription factors, FOSL1 
(fra-1), FOSB and, JUN, members of the AP-1 complex family, as well as CREB5, which can also 
interact with jun family members, were up-regulated by cristobalite in both cell lines. The AP-1 
trancription factor complex appears to play a major role in cellular response to crystalline silica 
[48]. In addition, the transcriptional regulators EGR1 and EGR3 were induced by cristobalite 
silica.  
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A number of pro-inflammatory mediators were also increased at the mRNA level by cristobalite in 
NHBE and BEAS 2B cells including, IL-1β, IL-6, IL-8, IL24, CXCL3, (MIP-2α), CSF2 (GM-
CSF) and the IL1RL1.  Some of these genes (IL-1β, IL1RL1) and their proteins are involved in 
regulation and activity of the NALP3 inflammasome, a signaling complex that responds to 
“danger signals” and promotes an inflammatory response after addition of silica to human THP-1 
macrophages [71].  In line with the hypothesis that oxidative stress mediates inflammasome 
activity by silica, oxidative-stress response-genes, PTGS2 (COX2), SOD2 (MnSOD), HMOX-1 
and OSGIN1 were also up-regulated by cristobalite in NHBE and BEAS 2B cells. These findings 
also reinforce the observations that inflammation and oxidative stress are two of the driving forces 
in silica-induced disease mechanisms [72].  
A number of other genes were also altered in expression by cristobalite in both cell lines, 
including genes involved in ECM breakdown  (MMP1 and PLAUR), genes involved in cell 
signaling regulation (HDAC9), and regulators of MAPK signaling (SPRY4 and DUSP5).  Other 
genes are involved in anti-viral activity and interferon-response including, RSAD2, OAS1, OAS3, 
OASL, IFIH1, IFIT2, IFI44 and ISG20.  Of those genes, IFIT1 and IFI44 were up-regulated in 
both cell types by amorphous silica particles.  
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CONCLUSIONS 
Particulates, especially in the realm of nanotoxicology, are rapidly becoming a question of 
concern regarding health effects in occupational setting as well as in the environment. Our 
studies and a recent report in the literature [73] demonstrate that gene expression profiling in 
human lung epithelial cells  in vitro can be used to determine the relative pathogenicity of 
potentially harmful particulates (i.e. crystalline silica and airborne particulate matter, 
respectively) as opposed to viability studies and metabolic testing. Changes in  expression of 
genes related to inflammation, oxidative stress, and proliferation as well as the secretion of 
proinflammatory, angiogenic and proliferative cytokines and chemokines re-emphasize the 
complex reactions of the lung epithelium to crystalline silica particles and their relation to 
development of fibrosis [11].  
Our studies compared two particles of the same chemical make up (SiO2), but of different 
habit (i.e. crystalline vs. amorphous). The responses observed suggest that the crystallinity of 
cristobalite may dictate early molecular responses as well as dissolution of particles over time 
in the lung. Moreover, we show that the magnitude  and patterns of differential gene 
expression by crystalline silica are similar in both BEAS 2B and NHBE cells, suggesting that 
immortalized and established epithelial cell lines can be used as in vitro models to predict the 
pathogenicity of potentially harmful respirable particulates as opposed to expensive and time-
consuming isolation of human primary cells and animal inhalation studies.   
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METHODS 
Human bronchial epithelial cell cultures 
Non-tumorigenic human bronchial epithelial cells (Ad12-SV40 immortalized) BEAS 2B 
(ATCC, Manassas, VA) were grown and maintained in DMEM/F12 50:50 media containing 
10% Fetal Bovine Serum (FBS) (CellGro® Mediatech inc, Manassas, VA), with penicillin 
(50 units/ml), streptomycin (100 g/ml) (Invitrogen, Carlsbad, CA), hydrocortisone (100 

g/ml), insulin (2.5 g/ml), transferrin (2.5 g/ml) and selenium (2.5 g/ml) (Sigma, St. 
Louis, MO). BEAS 2B cells culture flasks and plates (BD, Franklin Lakes, NJ) were pre-
coated with a mixture of fibronectin (Sigma, St. Louis, MO) (0.01 mg/ml), bovine collagen 
type I (0.03 mg/ml) (Invitrogen, Carlsbad, CA) and bovine serum albumin (0.01 mg/ml) 
(Sigma, St. Louis, MO), dissolved in DMEM/F12 media for 24 hours at 37˚C prior to 
culturing cells. Prior to exposures, medium was aspirated and replaced with a reduction 
medium containing 0.5% FBS.  Primary normal human bronchial epithelial cells (NHBE-
17917) were purchased from Lonza, Clonetics ®. NHBE cells were cultured and maintained 
in BEGM® and with ReagentpackTM subculture reagents (Trypsin/EDTA, Trypsin 
Neutralizing Solution and Hepes-buffered saline solution), all purchased from Lonza, 
Clonetics ®. (Switzerland) were used for subculture following manufacturers protocol.  
 
Synthesis, characterization, and determination of surface areas of silica particles.  
The amorphous silica microparticles were prepared according to the procedure of De et al 
[74] in the Department of Chemistry, University of Vermont, Burlington, VT, USA.  Briefly, 
tetraethylorthosilicate (32.0 g, 0.143 mol) was combined with water (11.0 g, 0.611 mol) and 
stirred rapidly (600 rpm) to form an emulsion. To this emulsion was rapidly added glacial 
acetic acid (36.8 g, 0.643 mol), and stirring was continued for 60 s, at which point stirring was 
terminated. The mixture was then allowed to sit quiescently for 45 min. Afterward the 
particles were filtered and washed extensively with water (5 mL x 4) and ethanol (5 mL x 3). 
After air drying for several hours, the particles were dried overnight under vacuum. Finally, 
the particles were ground with a mortar and pestle to yield a freely-flowing, white powder 
(4.8 g, 56% yield).  Samples were mounted for SEM by dusting onto carbon tape applied to 
aluminum sample stubs. They were then sputter coated with Pd/Au for 3.5 minutes in a 
Polaron sputter coater (Model 5100).  Specimens were then examined with a JSM 6060 
scanning electron microscope (JEOL USA, Inc., Peabody, MA) operating at an accelerating 
voltage of 25 kV and a working distance of 10 mm.  Size distribution was determined by 
measuring the diameter of at least 200 particles. Cristobalite silica particles were 
characterized previously [75].  Surface area of particles was determined by BET nitrogen 
adsorption analysis.  Nitrogen adsorption and desorption isotherms were obtained on a 
Micromeritics TriStar instrument after samples were degassed overnight under vacuum. 
Surface areas were measured using the BET method, and pore size distributions were 
calculated from a modified KJS method using the adsorption branch [76-78]. 
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Particle exposure to cells 
Prior to exposure, particles were weighed in scintillation vials and placed under UV light 
overnight to be sterilized.  Particles were then submerged in Hanks’ Balanced Salt Solution 
(HBSS) (CellGro® Mediatech inc, Manassas, VA) at [1.0-2.0mg/ml].  Particle suspensions 
were sonicated in a waterbath sonicator for 15 minutes followed by being trichurated 5 times 
through a 22-gauge needle.  Suspensions were then administered to cell culture plates and 
briefly shaken to assure dispersion of particles before they settle. 
 
Assessment of cell viability 
After 24 h, cells were collected by detatching with 0.25% Trypsin (Invitrogen, Carlsbad, CA) 
solution in HBSS, and a final volume of 1.5 ml (0.5 ml trypsin solution + 1.0 ml 10% FBS 
medium was collected on ice. This solution was diluted 1:5 in a solution of 0.4% trypan blue 
(MP Biomedicals, Solon, OH), which is a dye retained by dead cells and excluded by viable 
cells and HBSS.  After 5 min, unstained viable cells were counted using a hemocytometer to 
determine the total number of viable cells per dish and particle exposed groups were 
compared unexposed controls as described previously [79]  For each group (particle 
type/concentration) n = 3 and experiments were performed in triplicate (BEAS 2B) and 
duplicate (NHBE).  
 
Scanning electron microscopy (SEM) 
For imaging of cristobalite silica and amorphous silica particles, 0.0029 or 0.0026 g was 
diluted to a final concentration of 1.45 and 1.3 μg/ml (4.0 ml total volume), respectively, in a 
solution of 6% ethanol and ddH2O by serial dilution. Silica particle dilutions were filtered 
through a 0.4 μm Nucleopore Track-Etch membrane (Fisher Scientific, Pittsburgh, PA) 
followed by a rinse with 1.0 ml 100% ethanol and drying overnight. Half of the dried filter 
was adhered to a standard aluminum specimen stub with colloidal silver paste (Electron 
Microscope Sciences, Hatfield, PA) followed by sputter coating with gold and palladium 
using a Polaron sputter coater (Model 5100; Quorum Technologies, East Sussex, UK) 
Specimens were imaged and EDS spectra taken on and off particles. BEAS 2B cells were 
grown on Thermonox plastic cover slips (Nalge Nunc International, Naperville, IL). Prior to 
seeding cells, cover slips were coated with fibronectin (0.01 mg/ml), bovine collagen type I 
(0.03 mg/ml) and bovine serum albumin (0.01 mg/ml) dissolved in DMEM/F12 medium for 
24 h at 37˚C.  Cells were grown to near confluency and then put in reduction medium (0.5% 
FBS) 24 h prior to incubation with particles.  Cells were exposed to silica particles for 2 and 
24 h before fixation.  Cells were fixed with 2% glutaraldehyde in 0.1 M phosphate buffered 
saline (PBS) for 1 h at 4˚C. Samples then rinsed for 5 min in PBS (3X) and then (1X) 5 
minutes in 0.05M cacodylate buffer (pH 7.2).  Samples then post-fixed with 1% osmium 
tetroxide in 0.05M cacodylate buffer (pH7.2) for 1 h at room temperature, then rinsed (3X) 
for 5 min in 0.05M cacodylate buffer. Samples immersed in 1% tannic acid in 0.05M 
cacodylate buffer for 1 h at room temperature and in the dark (covered with foil), rinsed 1X 
for 5 min in cacodylate buffer and 3X for 5 min in distilled water.  Samples incubated with 
0.5% uranyl acetate in distilled water for 1 hr at room temperature in the dark (covered with 
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foil), rinsed 3X for 5 min in distilled water, and stored in 0.05M cacodylate buffer at 4˚C.  
Cover slips were put in cylindrical holder and dehydrated in ethanol series: using 10 min 
changes in 35, 50, 70, 85% up to 95% ethanol, then 2 20 min changes in 95% ethanol, 
followed by three 15 min changes in anhydrous 100% ethanol.  Samples were then critical-
point dried and fixed to aluminium specimen mounts with carbon paint and dried overnight in 
a desiccator.  Samples were then sputter-coated with gold and palladium in a Polaron sputter 
coater (Model 5100) and imaged on JSM-6060 scanning electron microscope (JEOL USA, 
Inc. Peabody, MA).  
 
RNA isolation and microarray profiling 
Total RNA was prepared using an RNeasy® Plus Mini Kit according to the manufacturers’ 
protocol (Qiagen, Valencia, CA), as published previously [80]. All procedures were 
performed by the Microarray analysis core facility of the Vermont Genetics Network (VGN) 
using a standard Affymetrix protocol as described previously [80, 81]. GeneChip® Human 
Genome U133A 2.0 arrays (Affymetrix, Santa Clara, CA) targeting 18,400 human transcripts 
were scanned twice (Hewlett-Packard GeneArray Scanner), the images overlaid, and the 
average intensities of each probe cell compiled. Microarray data were analyzed using 
GeneSifter software (VizX Labs, Seattle, WA). This program used a t-test for pair- wise 
comparison and a Benjamini-Hochberg test for false discovery rate (FDR 5%) to adjust for 
multiple comparisons. A 2-fold cutoff limit was used for analysis (only genes up or down-
regulated ≥ 2.0-fold vs. unexposed controls) 
 
Quantitative real-time polymerase chain reaction (qRT-PCR) 
Total RNA (1 μg) was reverse-transcribed with random primers using the AMV Reverse 
Transcriptase kit (Pro-mega, Madison, WI) according to the recommendations of the 
manufacturer, as described previously [80]. To quantify gene expression, the cDNA was 
amplified by TaqMan® qRT-PCR using the 7700 Sequence Prism Detector (Perkin Elmer 
Applied Biosystems, Foster City, CA). Fold change in the genes of interest was calculated 
using the ΔΔCt method. Duplicate assays were performed with all samples. The values 
obtained from cDNAs and hypoxanthine phosphoribosyl transferase (hprt) controls provided 
relative gene expression levels for the gene locus investigated. The Assays-On-Demand™ 
primer and probe sets used for all qRT-PCR experiments were purchased from Applied 
Biosystems (Foster City, CA). 
 
Bioplex analysis of cytokines and chemokines in medium of BEAS 2B cells 
To quantify cytokine and chemokine levels in conditioned medium of BEAS 2B cells exposed 
to silica particles, a multiplex suspension protein array was performed using the Bioplex 
protein array system and a human cytokine 27-plex panel (Bio-Rad, Hercules, CA), as 
previously described [29]. This method of analysis is based on Luminex technology and 
simultaneously measures the following proteins: Interleukin-1β (IL-1β), IL-1 receptor 
antagonist (IL-1ra), IL-2, IL-4, IL-5, IL-6, IL-7, IL-8, IL-9, IL-10, IL-12 (p70), IL-13, IL-15, 
IL-17, basic fibroblast growth factor (bFGF), eotaxin, granulocyte colony-stimulating factor 
(G-CSF), granulocyte macrophage colony-stimulating factor (GM-CSF), interferon-γ (IFN-γ), 
IFN-inducible protein 10 (IP-10), monocyte chemoattractant protein-1 (MCP-1; MCAF), 
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macrophage inflammatory protein-1α (MIP-1α), MIP-1β, platelet-derived growth factor-BB 
(PDGF-BB), regulated on activation normal T-cell expressed and secreted (RANTES), tumor 
necrosis factor-α (TNF-α), and vascular endothelial growth factor (VEGF).  Briefly, anti-
cytokine antibody-conjugated beads were added to individual wells of a 96-well filter plate 
and washed using vacuum filtration. After washing, 50 μL of prediluted standards (range = 
32,000–1.95 pg/mL) or cell-free conditioned medium from Beas 2B cells (n = 3/group) was 
added, and the filter plate shaken at 300 rpm for 30 min at room temperature. Thereafter, the 
filter plate was washed, and 25 μL of prediluted multiplex detection antibody was added for 
30 min. After washing, 50 μL of prediluted streptavidin-conjugated phycoerythrin was added 
for 10 min followed by an additional wash and the addition of 120 μL of Bioplex assay buffer 
to each well. The filter plate was analyzed using the Bioplex protein array system, and 
concentrations of each cytokine were determined using Bioplex Manager Version 3.0 
software (Bio-Rad, Hercules, CA). Data are expressed as pg of cytokine/mL of conditioned 
medium. 
 
Statistical analyses 
Statistical analysis of results from cell viability and Bioplex analysis were evaluated by 
analysis of variance (ANOVA) using the Student Neuman-Keul’s procedure for adjustment of 
multiple pair-wise comparisons between treatment groups. Significant differences in gene 
expression values determined by qRT-PCR were evaluated using a Student’s t-test. 
Differences with p values < 0.05 were considered statistically significant. 
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SUPPLEMENTARY MATERIAL 

 
Supplementary Figure 1: SEM imaging and EDS analysis of silica particles. SEM images if (A) 
cristobalite silica and (B) amorphous silica particles with respectful EDS spectra. Images are at a 
magnification of 1500X and scale bars equal to 10 μm. Black arrows indicate the points analyzed by 
EDS, representing each silica particle type.  Silicon (Si) and oxygen (O) peaks of each particle type 
indicate both are pure silica particles.  Gold (Au) and palladium (Pd) peaks are present due to the 
gold and palladium sputter-coating, carbon (C) is present because of carbon paint used to mount 
particle filters. 
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Supplementary figure 2: Silica particle size distrbution. Histograms represent size-distribution of 
cristobalite silica particles (A) and amorphous silica particles (B). Particles were filtered and imaged 
by SEM at 1000× magnification. The diameter of each particle was recorded using Metamorph®, and 
300-400 particles (5 fields/stub) were measured for each type of silica particle. 
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Supplementary figure 3: Gene ontology of BEAS 2B and NHBE Exposed to Silica Particles for 24 
h (% Total/Category). Pie charts represents gene ontology analysis of alterations in gene expression 
of BEAS 2B cells (A-C) exposed to (A) cristobalite 75 X 106 μm2/cm2, (B) cristobalite 150 X 106 
μm2/cm2 and (C) amorphous silica 150 X 106 μm2/cm2. Gene ontology of NHBE cells (D-F) exposed 
to (D) cristobalite 15 X 106 μm2/cm2, (E) cristobalite 75 X 106 μm2/cm2 and amorphous silica 75 X 
106 μm2/cm2. Ten categories of interest were analyzed and charts represent the percent (%) of total 
genes altered in each category for each exposure group.  
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ABSTRACT 
The epithelium regulates the interaction between the noxious xenogenous, as well as the 
microbial environment and the immune system, not only by providing a barrier but also by 
expressing a number of immunoregulatory membrane receptors, intracellular danger sensors 
and their downstream effectors. Amongst these are a number of inflammasome sensor 
subtypes, which have been initially characterized in myeloid cells and described to be 
activated upon assembly into multiprotein complexes by microbial and environmental 
triggers. This review compiles a vast amount of literature that supports a pivotal role for 
inflammasomes in the various epithelial barriers of the human body as essential factors 
maintaining immune signaling and homeostasis.  
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INTRODUCTION 
Inflammation is an extremely complex and fascinating weapon in mammalian physiology. It 
is the body’s immediate and carefully orchestrated response to pathogens, noxious stimuli or 
physical injury. In addition, responsiveness to plasma- and cell-derived inflammatory 
mediators reflects a more general role for inflammation in restoring functionality of the 
system to basal homeostatic set points. The process, by which acute inflammation is initiated 
and develops via molecular and cellular pathways is well defined (1). In case the body does 
not succeed to eliminate or neutralize this condition over time, a chronic inflammatory state 
arises and resets the body’s reference points and will become maladaptive. This implicates 
elevated concentrations of cytokines and chemokines including interleukin (IL)-1β, IL-1α, IL-
6, IL-8, IL-10, IL-18, TNF-α and alarmins such as high-mobility group box 1 (HMGB1). 
These molecules have also been proven to be involved in the progression of chronic 
inflammatory disorders, infections, fibrotic diseases as well as in cancer, autoimmune and 
ageing-associated disorders.  
It is demonstrated that IL-1, IL-18 and HMGB1 driven inflammation, through inflammasome 
activation, is initiated by recognition of endogenous or exogenous danger signals. IL-1β, one 
of the main classic instigators of inflammation is, together with IL-18, released from the cell 
upon activation of the inflammasome. It has the ability to affect various biological properties 
and has several roles in the proinflammatory response, including activation of the 
endothelium and leukocytes. Back in 1984 it was predicted that IL-1 was responsible for 
many of the acute responses to infection and inflammation (2). IL-18, a member of the IL-1 
cytokine super family, is recognized as an important regulator of innate and acquired immune 
responses. Its importance is derived from its prominent biological property of inducing 
interferon (IFN)γ. IL-18 is expressed at sites of chronic inflammation, in autoimmune 
diseases, in a variety of cancers, and in the context of numerous infectious diseases (3). 
HMGB1 is a multifunctional protein; its earliest functions were described as a non-histone 
DNA-binding nuclear protein. It facilitates DNA transcription, replication, and repair. 
Secreted, it has an important danger signaling and inflammation-promoting activity. HMGB1 
is unconventionally released such as for instance under caspase-1 activated conditions 
following a number of posttranslational modifications (4). It forms highly inflammatory 
complexes with single stranded (ss) DNA, lipopolysacharide (LPS), IL-1β and nucleosomes, 
and interacts with toll-like receptor (TLR) 9, TLR4, IL-1R and TLR2 and the receptor for 
advanced glycation end-products (RAGE). It has also been reported that HMGB1 signals to 
induce the nuclear translocation of nuclear factor kappa-light-chain-enhancer of activated B 
cells (NF-κB) resulting in an enhanced production and release of proinflammatory cytokines, 
including TNF-α and IL-1β. Activation of inflammasome-dependent mediator release is 
typically a very potent reaction and by virtue of the potentially destructive proinflammatory 
effects of uncontrolled cytokine and alarmin release their reduction and shutdown 
mechanisms (e.g. IL-1 receptor antagonist (IL-1RA) signaling) should therefore be tightly 
regulated by innate sensors.  
To date, a number of cytosolic receptors are successful in the recognition of conserved 
molecular patterns termed pathogen- or danger-associated molecular patterns (PAMPs or 
DAMPs), by initiating the formation of an inflammasome (5). These include the nucleotide-
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binding oligomerization domain receptors, in short NOD-like receptor (NLR) protein family 
members NLRP1, NLRP3, NLRP6, NLRP7, NLRP12, NLRC4 and NLRC5 as well as the 
non-NLR pyrin and HIN200 domain-containing (PYHIN) protein family members absent in 
melanoma 2 (AIM2), myeloid nuclear differentiation antigen (MNDA), Interferon inducible 
protein X (IFIX) and Interferon alpha-inducible protein 16 (IFI16) which are all able to 
oligomerize into a functional inflammasome (6-8).  This implies the formation of a multi-
protein complex consisting otherwise also of an adaptor protein, apoptosis-like speck protein 
containing a CARD (ASC) and IL-1β converting enzyme (ICE, Caspase-1), the enzyme 
responsible for maturation of proinflammatory cytokines (9). Upon this assembly, caspase-1 
undergoes autocatalytic activation into heterotetramers, which further enables the cleavage of 
its substrates pro-IL-1β and pro-IL-18 into mature IL-1β and IL-18, and the unconventional 
release of fibroblast growth factor (bFGF) and alarmins by the cell as is illustrated in Figure 1 
(10). In addition, caspase-1 is associated with the release of IL-1α (4), although these 
mechanisms are poorly understood. Inflammasome activation is thus linked to the most 
important mediators of inflammation. Moreover, their release may be accompanied by 
pyroptosis, an incompletely characterized proinflammatory mode of cell death (11). Upon 
activation by a myriad of signaling pathways these inflammasome-dependent mediators are 
strongly expressed by monocytes, tissue macrophages and dendritic cells, but are also 
produced by B lymphocytes, natural killer (NK) cells and epithelial cells. As mediators of the 
acute phase of inflammation, the inflammasomes and the cytokines and alarmins they activate 
and release play a key and well-controlled role in innate immunity of the lung mucosa and 
interstitial microenvironment as it is extremely important for the immune system to react to 
invading pathogens. It is however equally important that inflammasomes distinguish 
pathogenic from non-pathogenic commensals,  implying that a disturbance in normal danger 
signaling through the inflammasome can acts as a master switch between tolerance and 
sensitization in many actively participating tissues (12-16).  
The activation of inflammasomes in myeloid innate immune cells as well as their contribution 
to acute and chronic inflammatory diseases has been characterized profoundly over the past 
12 years by in vivo and in vitro research (17). Nevertheless, we are still far away from 
understanding how these molecules actually become activated, how they exert their function, 
and how they can be targeted in therapy.  Aside from the specialized cells of the immune 
system that evolutionary developed to protect organ systems, most foreign pathogens and 
noxious stimuli are also encountered by epithelial cells in a barrier lining the organs that are 
in most proximal contact with the exterior environment (18). These are the tissue specific 
mucosae of the skin, the lung, gut and urogenital tract, as well as non-keratinizing squamous 
epithelial cells of the oral mucosa.  
The epithelium is more and more appreciated to be less passive than assumed before and 
evidence is mounting that it participates not only in receiving and relaying inflammatory 
signals, but functions as an initial sensor of danger and executor of the response as well. We 
therefore review here the literature on the presence and functionality of inflammasomes in 
epithelial cells of the various organs exposed to the exterior milieu in response to reported 
insults. The aim of this review is to deliver a better understanding of inflammatory responses 
of first line barrier epithelium in multiple organs and mucosal immunity, and encourage 
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further laboratory research to dissect out the role of epithelial inflammasomes to these 
processes, with more effective therapies for the numerous debilitating diseases with an acute 
and chronic inflammatory component as the ultimate goal.   

 
Figure 1: Schematic representation of all intracellular nucleotide-binding oligomerization domain 
receptors, in short NOD-like receptor (NLR) and pyrin and HIN200 domain-containing (PYHIN) 
inflammasome members, that are each able to assemble with the protease caspase-1 via the adaptor 
molecule apoptosis-like speck protein containing a CARD (ASC) when triggered. This allows the 
activated enzyme to cleave and mature proinflammatory cytokines interleukin (IL)-1β and IL-18 as 
well as to induce the unconventional release of basic fibroblast growth factor (bFGF) and high-
mobility group box 1 (HMGB1). 
 
SKIN  
In addition to its properties as a physical barrier, the skin has many active defense 
mechanisms. Keratinocytes can detect microbial or nonmicrobial danger signals and elicit an 
immune response prior to the infiltration of myeloid cells (19). Although the action and 
importance of IL-1β, IL-18 and HMGB1 in inflammatory skin disorders is not completely 
understood, dysregulation of these inflammasome-dependent molecules is an attractive 
concept that might play a role in many inflammatory abnormalities of the skin. In 1990 
already, protein levels of immunoreactive IL-1β were shown to be elevated in psoriatic 
lesions whereas the amount released by normal keratomes or cultured keratinocytes was 
undetectable. The presence of IL-1β was suggested to be due to a novel mechanism of post-
translational processing in the epidermis (20). This mechanism was identified in 1997 as 
caspase-1 dependent cleavage which could be induced in human keratinocytes in response to 
inflammatory and immunologic stimuli (21). 
Later, keratinocytes of the non-diseased skin were scarcely stained positive for NLRP1 and 
NLRP3 (22) and AIM2-like receptor (ALR) inflammasomes (23). These expression patterns 



Chapter 5 – Review: Mucosal inflammasome activation 

 
118 
 

suggest that multiple inflammasomes are likely to play a role in the first line of defense 
against noxious molecules. With respect to different functional inflammasomes in the skin, 
human keratinocytes express AIM2 and respond to poly (dA:dT) dsDNA with IL-1β secretion 
(23). Recently, these findings have been supported by detection of active IL-1β and cleaved 
caspase-1 in human papillomavirus (HPV) infected skin, suggesting inflammasome activation 
by viral DNA (24). Watanabe H et al. also demonstrated that the NLRP3 inflammasome is 
present and can be activated in keratinocytes (16) as in animal models of contact 
hypersensitivity this inflammasome was identified as a key regulator of innate immunity (16). 
Keratinocytes are obviously also barrier cells against environmental pollutants such as TiO2 
and SiO2. It was shown that these environmental particles in the nanosize could induce 
cleavage of caspase-1 and secretion of IL-1β (25). Caspase-1 activity of stratum corneum and 
serum IL-18 level were also increased in patients with Netherton syndrome, a disease 
characterized by chronic skin inflammation (26). In a tetanus toxoid-dependent experimental 
model using cocultures of monocytes and keratinocytes, others furthermore observed high 
levels of IL-1β when tetanus toxoid and keratinocytes were present, pointing to the latter cells 
to secrete caspase-1 and a source for IL-1β (27) (Figure 2).  
In skin injury models relevant to the development of cancer, irradiation with a physiological 
dose of UVB induced secretion of pro-IL-1α and of mature and active IL-1β and IL-18 in a 
caspase-1 dependent fashion (28, 29). Other studies  of UVB overexposure in sunburned skin 
demonstrated activated inflammasomes (30) and  UV light exposure stimulated bFGF and 
HMGB1 release by keratinocytes as well (31, 32). In an allergic skin disease model, mite 
allergen Dermatophagoides pteronyssinus 1 (Der p1, a major allergen of house dust mite), is 
recognized as a danger signal, activated caspase-1 and induced release of IL-1β and IL-18 
from keratinocytes which was dependent on the cysteine protease activity. Moreover, Der p1 
stimulated assembly of the inflammasome by recruiting ASC, caspase-1, and NLRP3 to the 
perinuclear region (33). 
The data reviewed in this section demonstrate that keratinocytes are a potent source of 
cytokines and alarmins upon contact with a broad spectrum of activators. It is clear that 
keratinocytes do not only have a passive role as target cells in the process of inflammation, 
but also act as stimulators of the initiation and maintenance of local immune reactions.  
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Figure 2: Schematic representation of stratified squamous epithelium of the skin and oral mucosa. 
Toxic molecules, environmental and cellular stressors as well as microbial antigens can individually 
activate one or more inflammasome subtypes, leading to caspase-1 activation and the release of IL-1β, 
IL-18, bFGF and HMGB1. 
 
 
ORAL MUCOSA 
The oral mucosa is exposed to a high density and diversity of potential microbial pathogens 
such as gram-positive and gram-negative bacteria as well as fungi and others, and therefore 
has the important function to acts as a physical barrier and to respond to microbial growth and 
invasion.  The inflammasomes, as intracellular immune receptors, are thus likely to be 
important mediators of the inflammatory response in gingival epithelial cells.  In a recent 
study depletion of NLRP3 by siRNA abrogated the ability of ATP to induce IL-1β secretion 
in infected cells (34). ATP is sensed by purinergic receptors such as P2X, ligand-gated ion 
channel 4 (P2X4). Besides numerous reports on the role of P2X7 receptors in ATP-mediated 
inflammasome activation and mature IL-1β production in macrophages in vitro, recently in 
gingival epithelial cells that were stimulated with extracellular ATP, a role for P2X7 
dependent-ROS production in the activation of the inflammasome was revealed (Figure 2) 
(35). Despite, its role in vivo has recently been questioned. Interestingly, in addition to the 
NLRP3 inflammasome, a different inflammasome containing NLRC4 appeared to function in 
the protection against infection with Candida albicans in the mucosal lining of the mouth and 
intestines rather than in immune cells (36). No further evidence can be found on how immune 
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homeostasis via inflammasome signaling is maintained in this environment. These studies 
reveal the epithelial specific roles of the NLRP3 and NLRC4 inflammasome in innate 
immune response of the oral mucosa. 
 
GUT 
In organs where a variety of cell types come in intimate contact with commensals and 
potentially pathogenic microbes, such as the gut,  the regulation and maintenance of normal 
intestinal mucosal barrier function is primordial for the host’s survival and fitness. When 
cellular integrity and functioning of tight junctions between adjacent epithelial cells is 
disrupted barrier impairment is easily provided resulting in inflammation and the induction of 
tissue repair responses. The lack of control of this inflammatory condition is suggested to 
aggravate in the direction of detrimental chronic inflammation in the gut. Inflammasome-
dependent mediators such as IL-1β, IL-18 and HMGB1 have been identified as potent 
promoters of intestinal pathology, which suggests that targeting these mediators may 
represent a useful therapeutic approach in bowel disease (IBD) (37).  
Initially, observations suggested that induction of IL-1β mRNA in enterocytes was causally 
related to the subsequent inflammatory changes seen in a model of acute experimental colitis 
(38). It was proposed that colon epithelial cells were programmed to provide a set of signals 
for the activation of the mucosal inflammatory response in the earliest phases after microbial 
invasion (39, 40). Later, a few studies demonstrated that intestinal epithelial cells (IEC), 
continuously exposed to dietary molecules, microbial antigens and environmental influences, 
played a much more active role in the host immune and inflammatory response via the 
secretion of a variety of cytokines not limited to IL-1β, but also IL-1α and IL-8 (41-43). That 
same year for the first time, mouse IECs were proven to be the main producers of IL-18, 
formerly called interferon-gamma-inducing factor (44) under normal physiological 
conditions, suggesting that its constitutive expression in IECs may have an important role in 
the induction of mucosal immunity (45). Two years later, IL-18 was demonstrated to be 
localized and increasingly expressed in intestinal mucosal cells of patients with Crohn’s 
disease (CD) (46, 47). Within this same period, post-translational activation of IL-18 by 
caspase-1 cleavage was identified to occur in response to viral and bacterial infections (48, 
49). Specifically, a year before inflammasomes were characterized, cleavage of IL-18 in 
porcine intestinal mucosa by Salmonella choleraesuis was demonstrated, indicating that 
caspase-1 activation of IL-18 may be a key step in mucosal immune response to bacterial 
invasion (50). Expression of IL-18 in human gastric mucosal epithelial cells was also 
increased by Helicobacter pylori infection or by lactoferrin (51, 52). Recently, human IECs 
showed the ability to release of IL-18 upon salmonella treatment in a caspase-1 dependent 
fashion (53) and release HMGB1 in their culture medium upon stimulation with LPS (54) and 
a mixture of TNF-α, IL-1β, and IFN-γ (55). 
Microbial activity is required to be constantly monitored in the epithelial lining of the gut. It 
has become evident that a range of inflammasome family members within different cell types 
(e.g. epithelial and hematopoietic cells) accomplish different, but often complementary 
functions, as watchful guardians eliciting mucosal immune responses when activated (56). 
The most intensively studied inflammasomes in the gut, the NLRP1, NLRP3, NLRP6 and 
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NLRC4 inflammasomes, have been shown to regulate a number of common intestinal 
mucosal infections. Importantly, different enteric infections are sensed by and linked to 
different inflammasome functionalities. For instance, NLRP3 and NLRC4 activation in the 
intestinal epithelium is essential for regulation of permeability and epithelial regeneration 
through sensing of commensal microbes and has been shown to protect against mucosal 
pathogens (57, 58),  however, excessive inflammasome activation within the lamina propria 
contributes to severe intestinal inflammation (59). Moreover, whereas the NLRP6 
inflammasome subtype regulated colonic microbial ecology and risk for colitis (60), it was 
also shown to be involved in control of epithelial self-renewal and colorectal carcinogenesis 
upon injury (61). Additionally, recent findings suggest both hematopoietic- and 
nonhematopoietic-derived NLRP12 contributed to inflammation in an experimental colitis 
model, but the latter dominantly contributed to tumorigenesis. Herein, NLRP12 was profiled 
as an important add-on in the inflammasome repertoire and new player in colonic 
inflammation and tumorigenesis (62). Together, these studies reveal intensive and integrated 
signaling from multiple inflammasomes to regulate inflammation-induced IBD and colon 
cancer. In addition, unpublished data report the upregulation of most inflammasome sensor 
subtypes (NLRP1, NLRP3, NLRP12, NLRC4, AIM2, IFI16, MNDA and PYHIN1) in the 
colonic mucosa of active IBD patients, with the double stranded (ds)DNA  responding 
PYHIN inflammasome subtypes (AIM2 and IFI16) showing the strongest increase. These 
data are accompanied with enhanced levels of IL-1β in primary IECs in culture following 
dsDNA exposure. Immunohistochemical data show, next to inflammatory cells, an epithelial 
presence of these inflammasome sensor subunits and some of their effector molecules 
(CASP1 and HMGB1) (unpublished data). Together, this indicates that a more profound focus 
on non-NLR signaling may be justified in IBD. The multiple activators of a broad spectrum of 
inflammasome subtypes implying caspase-1 activation and subsequent secretion of specific 
readouts in IECs are summarized in Figure 3. 
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Figure 3: Schematic representations of simple columnar epithelial cells lining the digestive tract 
reflecting multiple inflammasomes that are described to be activated by different described agents 
AIM2, IFI16, MNDA and PYHIN1 are subtypes of the non-NLR inflammasome family. 
 
Activation of intestinal inflammasomes in different lineages of cells regulates physiological 
reactions, and their hyper-activation or absence can lead to deleterious consequences such as 
inflammation or cancer progression as shown in different models (56). For instance, following 
tissue damage using the IEC cytotoxic agent dextran sodium sulphate (DSS), the NLRP3 
inflammasome assembles,  leading to the production of IL-18, which is then released at the 
mucosal sites (63). Defective NLRP3 inflammasome subtype activation was shown to protect 
against loss of epithelial integrity and mortality during DSS-induced experimental colitis (64), 
suggesting that genetic and environmental factors may activate the NLRP3 inflammasome 
(65). In addition, their absence rather than their over production could be considered 
deleterious, indicating a multifaceted regulatory role of NLRP3 in intestinal inflammation. 
Normand et al., on the other hand, demonstrated that NLRP6-deficient mice were highly 
susceptible to experimental colitis (61). Further, it was shown in humans with a leaky 
intestinal barrier (such as seen in IBD patients) that TiO2 microparticles were taken up by 
IEC, and could activate the inflammasome and induce IL-1β and IL-18 secretion in the 
mucosa of Crohn´s disease patients, representing a possible mode of aggravation of 
inflammation in susceptible individuals (66). Others have shown that 2,4,6-trinitrobenzene 
sulfonic acid (TNBSA) was unable to induce significant colitis in IL-18 deficient mice and
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that administration of an IL-18 neutralizing antibody resulted in a dramatic attenuation of 
mucosal inflammation. The proposed function for the NLR and non-NLR inflammasomes is 
to regulate secretion of IL-18 that stimulates epithelial cell barrier function and regeneration, 
whereas in hematopoietic cells, inflammasome activation would have a proinflammatory 
effect (60, 67). This suggests that signals produced by the IECs may play an important role in 
inducing the early host inflammatory response to infection and raises the possibility that 
interventions that directly target production of inflammatory cytokines by IECs might alter 
the course of disease. When comparing results of studies by different groups, one should take 
into consideration that many of the observed effects may be explained by defective 
inflammasome regulation of the composition of the microflora coupled with differences in 
native microflora in different facilities (56).  
Targeting mediator release that is associated with mucosal inflammasome activation in the gut 
could lead to a better understanding to which pathological aspects of inflammation and 
subsequent increases in permeability contribute to the development of IBD. 
 
 
LUNG  
Barrier epithelia, such as the airway epithelial cells lining the respiratory tract, fulfill multiple 
functions essential for tissue homeostasis.  They are, because of the immense surface area that 
is in intimate contact with the environment, a primary target of attack by micro-organisms and 
potentially harmful factors during every single breath. A vicious cycle of exaggerated 
responses to chronic stimuli or aberrant responses to rather innocent agents may result in 
chronic inflammation with permanent structural changes in barrier properties, including 
smooth muscle hyperplasia, airway remodeling and fibrosis. The importance of engagement 
of pattern recognition receptors (PPRs) and their activation is demonstrated via experimental 
studies in knockout mice. These resulted in evidence suggesting a deleterious role for 
excessive production of the inflammasome-dependent proinflammatory cytokines and danger 
signals IL-1β, IL-18, HMGB1 and the growth factor bFGF which possess multiple pathogenic 
properties that could be further enhanced during episodes of disease exacerbations (68-72). 
Because the localization and the impact of inflammasome sensor activation in airway 
epithelial cells associated with pulmonary inflammation has yet to be revealed, the activation 
of different inflammasomes in lung epithelium in response to triggers relevant to the main 
chronic inflammatory diseases; asthma, COPD, pulmonary fibrosis and pneumoconiosis, 
mainly in in vitro settings is summarized in this section. 
Historically, with respect to evidence of inflammasome activation or mediator release from 
lung epithelium one has to go back more than a decade prior to the first characterization of the 
inflammasome. Immunoreactive IL-1β was shown to be released from bronchial epithelial 
cells exposed to (toluene di-) isocyanates (73) or nitrogen dioxide (74, 75), and in tracheal 
biopsy material from individuals exposed to endotoxin-contaminated grain dust. A few years 
later, in 1996 Hastie et al. showed low but significantly higher amounts (2-fold) of IL-1  
released from bronchial epithelial cells from allergic compared to non-allergic individuals 
following segmental challenge with ragweed (76). Moreover, in experiments with exposure to 
another allergen, Der p1, cultured human airway epithelial cells were shown to release IL-1β 
(77).  In 1998, the IL-1β release for the first time was linked to ICE expression in alveolar 
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epithelial cells upon respiratory syncytial virus (RSV) infection. Interestingly this study 
showed that this occurred in the absence of apoptosis (45), which could imply that epithelial 
cell death occurred through what is now known as pyroptosis (Figure 4).  
Different animal models of pulmonary fibrosis have been developed to investigate its 
pathogenesis and potential therapies for idiopathic pulmonary fibrosis (IPF). The most 
common is the bleomycin model in rodents (mouse, rat and hamster) (78). In 2001, caspase-1 
mRNA expression was shown to be elevated in mice treated with bleomycin, and bronchiolar 
and alveolar epithelial cells, as well as myeloid cells showed increased caspase-1 
immunoreactivity in both nucleus and cytoplasm (79). A decade later, it was suggested that 
inflammasome signaling in airway epithelial cells may play an important role in the 
pathogenesis of diseases like COPD, as compounds such as LPS and CpG were found to 
induce the releases of IL-1β from human bronchial epithelial cells (80). Next to these 
environmental triggers, mechanical stretch was shown that same year to induce enhanced IL-
1β levels in the supernatants of alveolar epithelial cells (81).  In recent years the panel of 
mediators able to activate the inflammasome-dependent caspase-1 activity and IL-1β release 
from (primary) lung epithelial cells has expanded rapidly to include Pseudomonas aeroginosa, 
Simvastatin (82), Influenza A (16, 83, 84), RSV (85) and rhinovirus (86). The list of 
activators seems to be unlimited. The membrane attack complex of complement, apart from 
its classical role of lysing cells, can also trigger a range of non-lethal effects on cells, 
including driving inflammation. Recent findings demonstrated that sublytic attack by the 
membrane attack complex of complement, leads to caspase-1 activation as well as IL-1β 
secretion in primary human lung epithelial cells (87).  Another class of inflammasome 
activators in lung epithelial cells includes noxious inhaled particles. A panel of 
inflammasome-dependent mediators were shown to be released by bronchial epithelial cells 
following crystalline silica exposure (88) and Tran et al. demonstrated induction of IL-1β and 
NLRP3 protein by the proinflammatory stimulus LPS and the combination of IFN-γ with LPS 
in primary cell cultures of NHBE cells (89). Hirota and his colleagues characterized airway 
epithelial NLRP3 inflammasome-mediated immune responses to urban particulate matter 
exposure and found significant increases in airway epithelial NLRP3 inflammasome- 
mediated production of IL-1β in vitro, results that were  corroborated  in vivo (90).  
For interleukin-18, a profilic cytokine involved in many immune responses already issued, 
literature research revealed its immunoreactivity in airway epithelial cells was first 
investigated during early stages of host defense within the bronchial epithelium of biopsies 
obtained from control subjects and patients with sarcoidosis or asthma (91). Later, Western 
blot analysis showed that the 18.3 kDa mature form of IL-18 appeared in whole cell lysate of 
Mycobacterium tuberculosis -stimulated alveolar type II cells, whereas both non-stimulated 
and Mycobacterium tuberculosis-stimulated alveolar type II cells  contained abundant 24 kDa 
pro-IL-18. These results indicated that Mycobacterium tuberculosis up-regulates IL-18 
expression at both transcriptional and posttranscriptional levels (92), implying the 
involvement of caspase-1 enzymatic activity and therefore inflammasome activation. Piper et 
al furthermore found that IL-18 was released from Rhinovirus-infected lung epithelia. The 
release was not associated with cell death but dependent on caspase-1 catalytic activity (86).  
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The endogenous danger protein HMGB1 was shown to be released from A549 cells infected 
with virulent Legionella in association with caspase-1 activity (93).  HMGB1 levels were 
furthermore found to be elevated in cell supernatant from rat alveolar type II cell monolayers 
that underwent scratch wounding (94). Moreover, mechanical stretch significantly increased 
HMGB1 protein expression in A549 cells (81). These results are important in the context of 
injury, since epithelial crosstalk to neighboring cells is important for normal as well aberrant 
repair, such as in the case of fibrosis. HMGB1 was included in the panel of inflammasome-
dependent mediators that were released following crystalline silica exposure of bronchial 
epithelial cells (88).  
Epithelial cells not only express and secrete cytokines and alarmins upon exposure to 
endogenous or exogenous inflammasome activators but also bFGF.  The FGFs are involved in 
morphogenesis, wound repair, inflammation, angiogenesis, and tumour growth and invasion, 
and require the glycosaminoglycan (GAG) side chains of heparin sulphate proteoglycans  for 
high affinity binding to their specific receptors (95). Late 20th century, bronchial epithelial 
cells were shown to secrete bFGF which positively impacted myofibroblast proliferation in an 
animal model of asthma. A role for epithelial cells in the expression and release of bFGF from 
heparan sulphate binding sites in bronchial asthma was defined a couple years later (96). 
Treatment of human fibroblasts with caspase-1 inhibitors significantly reduced the amount of 
secreted bFGF (4). The lung epithelium is a major source of bFGF as shown by rhinovirus-
induced bFGF release in a model that mimics features of airway remodeling (68).  We 
furthermore s showed that crystalline silica exposure of bronchial epithelial cells caused 
bFGF release (97) which was inflammasome- and particle uptake- dependent (88). 
Importantly, our studies showed that the panel of silica-induced NLRP3 inflammasome-
dependent mediators released from airway epithelium leads to fibroblast proliferation, a 
characteristic of multiple lung diseases.  These findings are paralleled by work of Hussain S. 
et al., in which it is evidenced that multi-walled carbon nanotubes induce a NLRP3 
inflammasome-dependent, but TGF-β independent pro-fibrotic response in human bronchial 
epithelial  cells (98). In contrast, there are publications that demonstrate that lung epithelial 
cells are not able to secrete IL-1β upon exposure to different micro-organisms and particulates 
among others (99, 100). This section however summarizes a vast body of evidence that lung 
epithelium participates in early first line immune defenses via activation of the 
inflammasome. The expression of IL-18, IL-1β, bFGF as well as HMGB1 by these cells 
demonstrates its participation in the initial response to encounters with foreign molecules. The 
described mediators may play a prominent role in the cascade of subsequent steps of the 
immune response in an autocrine, paracrine as well as chemotactic manner.  
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Figure 4: Schematic representation of pseudostratified columnar epithelium of the lung indicating a 
variety of environmental and microbial molecules that is able to activate the inflammasome with a 
subsequent release of cytokines, alarmins and growth factors. 
 
To date, only a subset of inflammasomes has been described in lung epithelial cells so far. 
NLRP1 was reported to contribute to the immune response in lung epithelial cells and 
alveolar macrophages (22). NLRP3 inflammasome presence and activation in lung epithelial 
cells was demonstrated as well (89, 90). Of most caspase-1 activating inflammasomes that 
have been studied well, NLRP12 is a unique NLR that has been shown to attenuate 
inflammatory pathways in biochemical assays and mediates the lymph node homing of 
activated skin dendritic cells in contact hypersensitivity responses. Although its expression 
was shown in lung cells, the overall development of allergic airway disease and airway 
function was not significantly altered by overall NLRP12 deficiency. This suggests that 
NLRP12 does not play a vital role in regulating airway inflammation in this model (101). 
Upon rhinovirus pathogenesis, the contribution of NLRP3 and NLRC5 inflammasomes and 
IL-1β secretion in rhinovirus pathogenesis was investigated and revealed that both 
inflammasomes act in a cooperative manner during the assembly by sensing intracellular Ca2+ 
fluxes and triggering IL-1β secretion in primary human bronchial epithelial cells (102).  
Additionally, the importance of inflammasome signaling in animal models representing a 
cadre of lung diseases such as asthma, COPD, acute lung injury as well as fibrosis and 
pneumoconiosis among others has been shown by many groups (103-111) and was recently  
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reviewed by Brusselle GG et al. (112). However no focus on the epithelium is present in any 
model.   
This section evidences that the surface epithelium of the conducting airways can be 
considered a constitutive primary participant in innate immunity with strong evidence that 
epithelial dysfunction is involved in the development of inflammatory disorders of the lung, 
and could be a plausible target for therapeutic interventions. Often though, as indicated in the 
preceding paragraph the importance of inflammasome activation in the epithelium in animal 
models is not primarily approached. Therefore conditional knockout models or epithelial 
specific transgenic animal studies will be a necessity.  
 
 
UROGENITAL 
With respect to cells lining the urogenital tract, evidence suggests that inflammasomes, next 
to other PPRs, have important roles in associated diseases through regulation of inflammatory 
and tissue-repair responses to infection and injury (113). First, on the subject of human kidney 
diseases such as Wegener's granulomatosis and in experimental models of glomerulonephritis, 
glomerular as well as tubular epithelial cells have been shown to synthesize and release IL-1β, 
constitutively (114-116). In a recent study that analyzed the processing of caspase-1, IL-1β, 
and IL-18 after unilateral ureteral obstruction (UUO) in mice reflecting chronic kidney 
disease, it was shown that NLRP3 has a biological function in both hematopoietic and renal 
epithelial compartments during renal injury. Additionally, in models of ischemic tubular 
necrosis and obstruction-induced epithelial–mesenchymal transition, an important role for 
caspase-1 and IL-18 has been demonstrated under hypoxic conditions and in the absence of 
vascular effects (117-119). Other cells lining epithelial tracts in contact with the environment 
conveying inflammasomes are prostate epithelial cells expressing AIM2 with increased 
caspase-1 activity in an experimental model of benign prostate hyperplasia (BPH), and human 
cervical epithelial cells expressing AIM2 and IFI16 inflammasomes following Chlamydia 
trachomatis and Herpes simplex virus 2, respectively (120-122). Although the amount of 
literature on inflammasome activation in these organs is relatively scarce, other studies 
demonstrate a pivotal role of the presence and activation of various inflammasomes in the 
epithelium of urogenital organs exposed to the environment (123-125) (Figure 5). 
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CONCLUSION 
Epithelial cells form an interface between the body and the environment. Therefore, they are 
important guardians for the detection of danger signals and the consecutive initiation of an 
inflammatory response. As presented in this review, each organ and cell type expresses 
different sensor subtypes with discrepancy in the release of various mediators. It should be 
emphasized that it is very possible that manifold inflammasomes are important in multiple 
epithelial cell types and become activated to either overcome detrimental signaling or to 
cooperate in a constructive fashion combating the disease. Likewise, with respect to relatively 
lower concentrations of cytokines released from epithelial cells versus the myeloid 
compartment, it could be considered that first line barrier epithelial cells, in contact with 
many potential danger signals, preferably should not produce high amounts of these very 
potent inflammatory cytokines and alarmins as it would be harmful for the microenvironment 
to have a constant “high-alarm situation”. Additionally, many more epithelial cells are present 
in these organs as opposed to for instance macrophages; therefore activated epithelial cells 
may relay equally large and biologically significant immune signals that build up the 
important contribution in global inflammasome activation at organ level.  
This review demonstrates that inflammasome activation and subsequent secretion of 
‘alarming’ proteins is not restricted to macrophages, indicating that epithelial cells should be 
considered as highly important cells in innate immune signaling.  In future research, 
epithelial-specific conditional knockout models and transgenic animal studies will be a 
necessary approach to determine this important contribution more profoundly.               

 
 
 

Figure 5: A 
schematic 
representations 
of simple 
cuboidal 
epithelial cells 
lining the 
urogenital tract 
in which 
different 
inflammasomes 
have been 
described to be 
activated by 
independent 
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triggering the 
release of 
inflammasome 
readouts 
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ABSTRACT 
Background: In myeloid cells the inflammasome plays a crucial role in innate immune 
defenses against pathogen- and danger-associated patterns such as crystalline silica. 
Respirable mineral particles impinge upon the lung epithelium causing irreversible damage, 
sustained inflammation and silicosis. In this study we investigated lung epithelial cells as a 
target for silica-induced inflammasome activation.  
Methods: A human bronchial epithelial cell line (BEAS-2B) and primary normal human 
bronchial epithelial cells (NHBE) were exposed to toxic but nonlethal doses of crystalline 
silica over time to perform functional characterization of NLRP3, caspase-1, IL-1β, bFGF and 
HMGB1. Quantitative RT-PCR, caspase-1 enzyme activity assay, western blot techniques, 
cytokine-specific ELISA and fibroblast (MRC-5 cells) proliferation assays were performed.  
Results: We were able to show transcriptional and translational upregulation of the 
components of the NLRP3 intracellular platform, as well as activation of caspase-1.  NLRP3 
activation led to maturation of pro-IL-1β to secreted IL-1β, and a significant increase in the 
unconventional release of the alarmins bFGF and HMGB1. Moreover, release of bFGF and 
HMGB1 was shown to be dependent on particle uptake. Small interfering RNA experiments 
using siNLRP3 revealed the pivotal role of the inflammasome in diminished release of pro-
inflammatory cytokines, danger molecules and growth factors, and fibroblast proliferation.  
Conclusion: Our novel data indicate the presence and functional activation of the NLRP3 
inflammasome by crystalline silica in human lung epithelial cells, which prolongs an 
inflammatory signal and affects fibroblast proliferation, mediating a cadre of lung diseases.  
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BACKGROUND 
Crystalline silica (SiO2) is the second most common mineral in the earth’s crust and is the 
major component of sand, rock and mineral ores. In occupational and environmental settings, 
microscopic mineral particles in airborne dust, generated by wind, manufacturing or 
demolition are inhaled and can get taken up by epithelial cells lining the respiratory tract, 
initiating and sustaining inflammatory responses at high concentrations. Prolonged exposure 
in the workplace may lead to the development of silicosis, which can be irreversible and is 
characterized by the development of progressive pulmonary fibrosis  [1].  Crystalline silica 
exists in many different polymorphs, but those of particular concern are the naturally 
occurring polymorphs quartz, cristobalite and tridymite.  
The Nacht Domain- Leucine-Rich Repeat-, and PYD-containing Protein 3 (NLRP3) 
inflammasome has recently been recognized as an innate immune signaling receptor 
important in mediating cell responses to various endo- and exogenous signals [2-4].  This 
multi- protein platform interacts with the apoptosis-associated speck-like protein 
PYCARD/ASC, which contains a caspase-1 recruitment domain. Detection of a danger signal 
such as crystalline silica particles in macrophages, activates the inflammasome complex 
leading to binding and activation of pro-caspase-1, which in turn causes the cleavage and 
secretion the of pro-inflammatory cytokines interleukin – 1 beta (IL – 1β) and interleukin – 18 
(IL – 18) to their active forms [5-7].  IL-1, a very potent and pivotal mediator of inflammatory 
responses induced by silica exposure [8, 9] affects virtually all tissue types and has been 
implicated in the pathophysiology of human and experimental silicosis [10, 11]. Additionally, 
caspase-1 expression and activation is required for unconventional secretion of IL-33, IL-1α, 
basic fibroblast growth factor (bFGF) and high mobility group box 1 (HMGB1) although 
these proteins are not substrates of caspase-1 [12-15].  
Until recently, it was assumed that the initial responses of lung tissue to silica were 
orchestrated mainly by cells of the innate immune system, such as monocytes, macrophages, 
neutrophils, and dendritic cells. Purified primary human monocyte-derived macrophages, 
peripheral blood mononuclear cells, and mouse bone marrow-derived macrophages release 
IL-1β after inflammasome activation by silica [6, 7]. NLRP3 knockout mouse models develop 
reduced pulmonary inflammation and less abundant collagen deposition compared to wild-
type animals following silica administration [5]. Importantly, in these studies the localization 
of the active inflammasome in lung tissue was not shown. 
Non-myeloid cells can also be important guardians for the detection of danger signals, 
fulfilling tasks usually performed by resident macrophages. Many groups have demonstrated 
NLRP3 presence and functional activity in non-myeloid cells by various agonists. For 
example, nanoparticles activate the NLRP3 inflammasome, leading to IL-1β secretion in 
primary human keratinocytes [16]. Recently, expression of the NLRP3 inflammasome in 
human airway epithelium following in vivo particulate matter exposure has been shown 
although its functional significance in lung disease was unknown [17].  Because the lung 
epithelial surface is one of the largest primary barriers to environmental exposures and the 
initial site of impingement of respirable silica, we hypothesized that bronchial epithelial cells 
were an important target of inflammasome activation. This activation may fuel cross-talk 
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between neighboring fibroblasts, endothelial cells, as well as cells of the immune system 
which in turn release secondary mediators and initiate or mediate fibrogenesis. 
 
MATERIALS AND METHODS  
BEAS-2B cell culture 
Non-tumorigenic human bronchial epithelial cells (Ad12-SV40 immortalized) BEAS 2B 
(ATCC, Manassas, VA) were grown and maintained in Dulbecco's Minimal Essential 
Medium (DMEM)/F12 containing 10% Fetal Bovine Serum (FBS) (CellGro® Mediatech inc, 
Manassas, VA), with penicillin (50 U/ml), streptomycin (100 μg/ml) (Invitrogen, Carlsbad, 
CA), hydrocortisone (100 μg/ml), insulin (2.5 μg/ml), transferrin (2.5 μg/ml) and selenium 
(2.5 μg/ml) (Sigma, St. Louis, MO). Culture flasks and plates (BD, Franklin Lakes, NJ) were 
pre-coated with a mixture of fibronectin (Sigma, St. Louis, MO) (0.01 mg/ml), bovine 
collagen type I (0.03 mg/ml) (Invitrogen, Carlsbad, CA) and bovine serum albumin (0.01 
mg/ml) (Sigma, St. Louis, MO), in DMEM/F12 media for 24 hours at 37˚C . Prior to 
exposures, medium was aspirated and replaced with reduction medium containing 0.5% FBS. 
In selected experiments BEAS-2B cells were primed with 5 μg/mL LPS for 4h prior to silica 
exposure. Particle uptake was blocked by administration of 0,5 μg/mL cytochalasin D  for 1h 
prior to silica exposure. 
 
NHBE cell culture 
Primary normal human bronchial epithelial cells (NHBE-17917, Lonza, Clonetics ®) were 
cultured and maintained in BEGM® (Lonza, Clonetics ®. (Switzerland)) according to the 
manufacturers’ protocol. 
 
MRC-5 cell culture 
The MRC-5 (CCL-171) cell line, a human fetal lung fibroblast cell line, was obtained from 
the ATCC (Rockville, MD) and maintained in Eagle's Minimum Essential Medium (Gibco) 
supplemented with L- Glutamine (200 mM, Invitrogen), 100 U/ml penicillin, 100 μg/ml 
streptomycin, and 10% heat-inactivated fetal calf serum (Gibco) and non-essential amino 
acids (MP Biomedicals) For addition of conditioned media, MRC-5 cells were serum starved 
for 24 h in Eagle's Minimum Essential Medium (Gibco) supplemented with L- Glutamine 
(200 mM, Invitrogen), 100 U/ml penicillin, 100 μg/ml streptomycin, and 0,5% heat-
inactivated fetal calf serum (Gibco) and Non-essential amino acids (MP Biomedicals). 
 
THP-1 cell culture 
THP-1 cells obtained from ATCC (Rockville, MD) were grown in RPMI 1640 medium 
containing 10% fetal bovine serum with penicillin (50 U/ml), streptomycin (100 μg/ml) and 2 
mM l-glutamine at 37 °C. Ten ng/mL PMA was used to differentiate THP-1 cells for 24-36h 
prior to experiments. 
Particle exposures 
Cristobalite silica particles (C & E Mineral Corp., King of Prussia, PA) were UV-irradiated 
over night to inactivate possible contaminating endotoxin. Silica particle suspensions 
(1mg/mL) were sonicated for 15 minutes, aspirated 5 times through a 23 gauge needle and 
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added to cell cultures. Throughout the studies presented in this paper, we utilized several 
particle doses based on their surface area characteristics and toxicity [18].  Glass beads (1-4 
μm diameter), obtained from Particle Information Services, Inc. (Kingston,WA) were 
incorporated as a negative control based on particle surface area metrics.  
 
siRNA mediated knock down in BEAS-2B and THP-1 cells 
siRNA against NLRP3 (ON-TARGET plus SMARTpool L-017367–00-0005: 
GGAUCAAACUACUCUGUGA,UGCAAGAUCUCUCAGCAAA, AAGUGGGGUUCAGAUAAU, 
and GCAAGACCAAGACGUGUGA) and the ON-TARGET plus GAPD Control Pool (human); 
were purchased from Dharmacon, Thermo Scientific, USA. In BEAS-2B cells siRNA 
transfections were performed with Lipofectamine 2000 and 100nM siRNA 24 h prior to 
stimulations. THP-1 cells were differentiated with 10 ng/mL PMA over night after which 100 
nM siRNA was transfected, using Lipofectamine 2000.  
 
RNA isolation  
Total RNA was prepared using an RNeasy® Plus Mini Kit according to the manufacturers’ 
protocol (Qiagen, Valencia, CA) and 1 μg was reverse-transcribed with random primers using 
the AMV Reverse Transcriptase kit (Pro-mega, Madison, WI). Primers for human NLRP3 
were fw:GATCTTCGCTGCGATCAACAG and rev:CGTGCATTATCTGAACCCCAC. 
Primers used to determine caspase-1 mRNA levels were fw: 
TTTCCGCAAGGTTCGATTTTCA and rev: GGCATCTGCGCTCTACCATC. HPRT was 
used as the housekeeper gene (fw: GACCGGTTCTGTCATGTCG, rev: 
ACCTGGTTCATCATCACTAATCAC). Primer sequences were taken from Primerbank. 
Fold changes in the expression of genes of interest were calculated using the ΔΔCt method. 
Duplicate assays were performed with all samples.  
 
Western blots 
Cells were lysed in a buffer containing 20 mM Tris, 150 mM NaCl, 1% Nonidet P-40, 1 mM 
DTT, 1% Protease Inhibitor Cocktail and 1% Phosphatase Inhibitor Cocktail. Total protein 
content was determined by the Bio-Rad DC Protein Assay kit (Bio-Rad, Hercules, CA), and 
20-40μg of protein was loaded onto polyacrylamide gels.  After transfer of proteins to a 
nitrocellulose membrane, primary antibodies against caspase-1 (Santa Cruz Biotechnology, 
Santa Cruz, CA), β-actin (Cell Signaling Technologies), IL-1β (Cell Signaling Technologies), 
NLRP3 (Santa Cruz Biotechnology) or HMGB1 (Cell Signaling Technologies) were applied. 
After three washes with TBS-Tween, HRP conjugated secondary antibodies were detected by 
chemiluminescence according to the manufacturer’s instructions. Densitometry was 
performed on scanned immunoblot images using the QuantityOne software (Bio-Rad 
Laboratories). Supernatants were concentrated using Amicon Ultra centrifugal filters 
(Millipore) and analyzed as described above.  
 
Caspase-1 activity assay 
Caspase-1 activity was measured using a caspase-1 activity kit (R&D) following the 
manufacturers’ protocol.   
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ELISA 
The levels of IL-1β (Biolegend) and bFGF (Biolegend) in cell culture media were measured 
using human ELISA kits. HMGB1 was determined using a direct ELISA protocol. The 
primary antibody (ab18256 Abcam) was used at a 1/1000 dilution for 16 hours at 4°C. The 
secondary antibody was a biotin-conjugated swine anti-rabbit used at a 1/1000 dilution. A 
blocking step was performed using 5% BSA for 1 hour. Concentrations of IL-1β, bFGF and 
HMGB1 were established via extrapolation from a standard curve of the appropriate 
recombinant protein. 

 
Proliferation assay  
BEAS-2B cells were treated with silica suspensions for 24 h. Supernatants were collected and 
centrifuged to remove suspended particulates after which conditioned media was added to 
MRC-5 cells at a 1 to 4 ratio. At indicated time points, MRC-5 cells were fixed with ice cold 
70% ethanol for 5 min. After aspiration, 5N NaOH was added followed by DNA content 
measurement at 260 nm.  
 
Statistical analyses 
All experiments were performed 3 times. Data were analyzed by one-way analysis of variance 
(ANOVA) using the Student Neuman-Keul’s test to adjust for multiple pair-wise comparisons 
between treatment groups, or the Student's t test where appropriate. Data from multiple 
experiments were averaged and expressed as mean values ± SEM. Differences with p-values 
< 0.05 were considered statistically significant. 
 
RESULTS 
Cristobalite silica particles induce increased mRNA levels and enzymatic activity of 
caspase-1 in primary human bronchial epithelial cells 
Based on an available microarray dataset in the BEAS-2B cell line and primary human 
bronchial epithelial (NHBE) cells [18] we identified a group of genes related to the 
inflammasome as well as to the pro-inflammatory cytokine, IL-1β with significantly altered 
expression levels following 24 h exposure to cristobalite silica (Table 1). As described before, 
we worked with silica at 75 X 106 μm²/cm² on NHBE cells, a concentration with an 
approximate 25% cytotoxicity that allowed us to investigate the maximum inflammatory and 
possible fibrogenic effects of these mineral particles [18]. We next performed RT-PCR to 
investigate the quantitative mRNA expression levels of caspase-1 in NHBE cells. Figure 1A 
shows a significant increase of caspase-1 mRNA levels in primary human bronchial epithelial 
cells when exposed to 75 X 106 μm2/cm2 (SIL75). NRLP3 mRNA levels were not enhanced in 
NHBE cells exposed to silica (data not shown). To investigate whether silica exposure in 
addition to increasing transcript levels of inflammasome-related genes would lead to the 
activation of pro-caspase-1, caspase-1 cleavage was determined by Western blotting. Figure 
1B shows increases in protein levels of the functional p20 subunit of caspase-1 in NHBE 
whole cell lysates after treatment with SIL75 for 24 h. Importantly, glass beads (GB, negative 
control), which are dense amorphous microspheres with decreased surface reactivity, did not 
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induce increased levels of caspase-1 cleaved subunits.  A caspase-1 activity assay confirmed 
its increased activation in NHBE cells exposed to SIL75 (Figure 1C).  
 
Table 1:  Selection of NLRP3 inflammasome and IL-1 family member related genes. For each cell 
type a selection of genes was collected from previously described microarray data set [18]. All 
transcripts are involved in inflammasome and IL-1 immune-cytokine responses. 
 
BEAS-2B  mRNA 
Gene symbol Gene name Fold Change ↑ 
IL1A Interleukin 1, alpha 6,2* 
IL1RL1 Interleukin 1 receptor-like 1 5,4 
IL1B Interleukin 1, beta 3,6* 
NLRP1 NLR family, pyrin domain containing 1 3,4 
NLRP3 NLR family, pyrin domain containing 3 2,5* 
IL1RL2 Interleukin 1 receptor-like 2 2,3 
IL18R1 Interleukin 18 receptor 1 2,2 
IL1RAP Interleukin 1 receptor accessory protein 2,2 
   
NHBE    
Gene symbol Gene name Fold Change ↑ 
IL1F9 Interleukin 1 family, member 9 14,0 
TXNIP Thioredoxin interacting protein 9,7 
IL1F5 Interleukin 1 family, member 5 (delta) 6,0 
IL32 Interleukin 32 5,5 
IL1RL1 Interleukin 1 receptor-like 1 3,5 
CASP1 Caspase 1  (interleukin-1 beta convertase) 2,1* 
bFGF Fibroblast growth factor 2 (basic) 2,1 
IL1A Interleukin 1, alpha 2,1 

 
* = confirmed by qRT-PCR 
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Figure 1: Cristobalite silica increases caspase-1 transcript levels and caspase -1 cleavage products 
in primary human bronchial epithelial cells. (A) Caspase-1 mRNA levels in primary normal human 
bronchial epithelial (NHBE) cells after 24 h exposure to 15 (SIL15) and 75 X 106μm2/cm2 (SIL75) 
cristobalite silica,  expressed as mean fold change ± SEM (indicated by error bars) with *p-value 
<0.05 compared to unexposed control cells (UC) and normalized to the housekeeping gene HPRT (N= 
3). (B) Western blot analysis of caspase-1 cleaved products was conducted on whole cell lysates of 
NHBE cells after 24 h of exposure. p20 subunits were detected after a longer exposure compared to 
pro-caspase-1 (14 minutes versus 30 seconds). Glass beads (GB) and unexposed cells (UC) were 
included as controls, and β-actin was used as a loading control.  (C) Caspase-1 enzymatic activity was 
assayed in cell lysates of NHBE cells exposed to the indicated silica concentrations for 24 h with. 
Caspase-1 activities are expressed as arbitrary units (O.D. 405 nm /μg protein) with *p-value <0.05 
compared to UC. 
 
Cristobalite silica particles induce increased NLRP3 mRNA levels as well as elevated 
levels of cleaved caspase-1 subunits 
In BEAS-2B cells we first performed additional assays over a range of concentrations of 
cristobalite silica to determine toxicity (Supplemental figure 1). For further experiments, 
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silica concentrations were used that were toxic, causing an acceptable maximum of 25 % cell 
death. In contrast to NHBE cells, cristobalite silica was found to increase levels of NLRP3 
mRNA dose dependently in BEAS-2B cells, after 24 h exposure (Figure 2A). In agreement 
with data in NHBE cells, we confirmed silica-induced caspase-1 activity in BEAS-2B cells 
following SIL150 exposure. Glass beads also did not affect caspase-1 activity significantly in 
these cells (Figure 2B). 
 

 
Figure 2: Crystalline silica increases NLRP3 mRNA levels and caspase-1 cleavage products in 
BEAS-2B cells. (A) Bar chart represents relative quantity of NLRP3 mRNA levels after 24 h exposure 
to 75 X 106 μm2/cm2 (SIL75) and 150 X 106 μm2/cm2 (SIL150) of cristobalite silica in BEAS-2B cells. 
*p-value <0.05 compared to UC. (B) Caspase-1 enzymatic activity was assayed in cell lysates of 
BEAS-2B cells exposed to the indicated silica concentrations for 24 h. Glass beads (GB) and 
unexposed cells (UC) were included as controls. Caspase-1 activities are expressed as arbitrary units 
(O.D. 405 nm /μg total protein) with *p-value <0.05 compared to UC. 
 
Cytokine maturation and alarmin secretion in BEAS-2B cells in response to cristobalite 
silica 
Classically, inflammasome complex assembly, accompanied by caspase-1 activation leads to 
cleavage of pro-inflammatory IL-1β into its active form that is secreted. Interleukin (IL)-1β is 
produced by a variety of cell types in response to inflammatory stimuli such as 
lipopolysaccharide (LPS) [19]. In some studies it was shown that pro-IL1β mRNA levels first 
need to be elevated by a TLR-dependent priming stimulus, such as LPS before enhanced 
release of mature IL1β can be detected by an inflammasome stimulus. We therefore 
investigated whether silica-induced release of IL-1β requires LPS-priming in human bronchial 
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epithelial cells, and whether LPS alone could trigger IL-1β maturation and release in BEAS-
2B cells. LPS administered to BEAS-2B cells showed only a moderate increase in detectable 
levels of the cleaved IL-1β subunits. Cells exposed to SIL150 demonstrated significantly 
increased intracellular maturation of pro-IL1β. LPS priming, followed by silica exposure, did 
not further enhance silica-induced maturation of IL-1β (Figure 3A). We also investigated 
whether silica affected the release of alarmins linked to caspase-1 activation. A dose-
dependent increase in HMGB1 levels in culture medium supernatants (SN) were detected 
following cristobalite exposure. Although LPS on its own induced a substantial increase of 
HMGB1 in media, LPS priming followed by silica exposure did not further augment HMGB1 
levels in the medium compared to silica exposure alone (Figure 3B). We furthermore 
previously reported a significant dose-dependent release of bFGF from BEAS-2B cells 
following exposure to SIL150 for 24 h [18]. 
 

 
Figure 3: Silica augments processing and secretion of inflammatory mediators and DAMPs in 
bronchial epithelial cells. (A) Western blot analysis was conducted on whole cell lysates of BEAS-2B 
cells to detect cleaved IL-1β products, after 24 h of silica exposure with or without priming with 
5μg/mL LPS for 4h). Histogram represents results of densitometric analysis of cleaved IL-1β 
normalized to β-actin. (B) Western blot analysis of HMGB1 release in the concentrated SN from silica 
exposed BEAS-2B cells. Histogram represents results of semi-quantitative densitometric analysis of 
the HMGB1 signal expressed as arbitrary units.  Data are presented as mean fold change ± SEM with 
* p-value <0.05 compared to UC and # p-value <0.05 compared to SIL150 or LPS+SIL150. 



Chapter 6 – Inflammasome activation in lung epithelial cells 

 
149 

 

The NLRP3 inflammasome mediates cristobalite silica-induced inflammatory danger 
signaling 
In order to investigate whether cristobalite silica-induced release of IL1β, HMGB1 and bFGF 
factors is mediated by the inflammasome, we performed RNAi-mediated knockdown of the 
NLRP3 gene. Transfection of NLRP3 siRNA in BEAS-2B cells was highly efficient in 
reducing NLRP3 mRNA levels >50 % as shown in Figure 4A.  In parallel, the protein 
abundance of NLRP3 was reduced by transfection of NLRP3 siRNA (Figure 4B). As 
previously shown in Figure 3A, increased levels of IL-1β at SIL150 and an absence of a 
synergistic effect of LPS priming in the siRNA control group were found. Also, LPS priming 
alone did not induce significantly higher levels of IL-1β in the medium. The absence of effect 
of NLRP3 knock-down on basal IL-1β levels could be due to the activity of other enzymes 
including lysosomal enzymes and MMPs that can cleave IL-1β or the residual level of 
NLRP3. .Although priming with LPS still significantly enhanced IL-1β levels in response to 
silica in the NLRP3 siRNA transfected cells, these levels were significantly attenuated 
compared to the control siRNA transfected cells (Figure 4C). As alternative IL-1β processing 
enzymes mentioned above are known to be activated by silica and LPS, these alternative 
routes of processing could explain this attenuated, but not abrogated response in NRLP3 
siRNA conditions.  Increased levels of secreted bFGF by SIL150 could be further augmented 
by priming bronchial epithelial cells with LPS under control siRNA conditions, although not 
statistically significant. In all these conditions, bFGF levels were drastically attenuated after 
NLRP3 siRNA transfection, indicating a pivotal role for the inflammasome in bFGF release 
as seen in Figure 4D. The increased HMGB1 levels in medium caused by SIL150 alone, as 
well as after pre-treatment with LPS were also significantly reduced in the NLRP3 siRNA 
group (Figure 4E). 
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Figure 4: Canonical and non-canonical release of inflammatory mediators and DAMPs is 
regulated by NLRP3. BEAS-2B cells were transfected with control (siControl) or NLRP3 siRNA 
(siNLRP3). Experiments were performed 24 h after siRNA transfection. (A) Knockdown of NLRP3 
mRNA levels by siRNA. (B) Western blot analysis of whole cell lysates for the level of NLRP3 
expression. Actin was used as a loading control. ELISA was performed on concentrated medium SN 
for detection of secreted IL-1β (C) and bFGF (D) 24 h post-transfection. The effect of LPS priming (5 
μg/mL) was also investigated. (E) Western blot analysis, to detect influence of NLRP3 knockdown on 
HMGB1 levels, was conducted on concentrated medium supernatants. Histogram represents semi-
quantitative densitometric analysis of HMGB1 expressed as arbitrary units. Data are presented as 
mean fold change ± SEM with * p-value <0.05 compared to UC, and # p-value <0.05 compared to the 
same treatment in the siControl setting. 
 
Comparison of inflammasome-dependent mediator release from bronchial epithelial 
cells versus macrophages in response to silica 
We conducted parallel experiments in BEAS-2B and THP-1 macrophages using the same 
dose of silica to investigate IL-1β levels and the effect of LPS priming on these cell types 
comparatively. Basal levels of secreted IL-1β are higher in THP-1 cells compared to BEAS-
2B (28.3±2.7 vs 6.29±0.5 pg/ml respectively). Silica induced IL-1β levels in BEAS-2B cells 
to 8.67±0.5 pg/ml. In THP-1 cells silica alone also induced IL-1β release, to a level of 
191.0±6.7 pg/ml, about 22-fold higher compared to in BEAS-2B. LPS had no significant 
effect by itself on IL-1β levels in either cell type. In BEAS-2B there was no synergistic effect 
of priming with LPS prior to silica treatment, whereas this was the case in THP-1 cells. 
HMGB1 levels in culture medium were also approximately double in THP-1 cells compared 
to BEAS-2B cells, under baseline conditions as well as after silica stimulation. bFGF levels 
on the other hand were comparable in unstimulated cells, but induction was greater in 
bronchial epithelial cells (Supplemental table 1). The release of IL-1β, HMGB1 and bFGF 
induced by silica was also NLRP3-dependent in THP-1 cells as indicated in Supplemental 
figure 2.   
  
Uptake dependence of inflammasome signaling 
To investigate if particle uptake was pivotal to silica-induced inflammasome activation and 
downstream readouts, actin polymerization was blocked using 0.5 μg/mL cytochalasin D for 1 
h. Cytochalasin D administration for 1 h prior to silica exposure markedly attenuated 
increased bFGF and HMGB1 secretion (Figure 5A and 5B, respectively). Importantly, a loss 
of cell viability in the presence of cytochalasin D was not detected (data not shown). 
 



Chapter 6 – Inflammasome activation in lung epithelial cells 

 
152 
 

 
 
Figure 5: bFGF and HMGB1 release are particle uptake dependent. ELISA was performed on 
medium of BEAS-2B either or not pretreated with 0.5 μg/mL cytochalasin D for 1h measuring levels of 
bFGF release (A). (B) Western blot analysis showing the effect of cytochalasin D on the release of 
HMGB1 in the medium following cristobalite silica exposure.  
 
Inflammasome activity in bronchial cells is linked to proliferative effects on MRC-5 
fibroblasts and is dependent on particle uptake 
To elucidate whether the inflammasome mediated paracrine microenvironment signaling in 
our cell culture model, conditioned medium of BEAS-2B cells after exposure to silica was 
tested for fibroblast proliferative capacity. Indeed, the conditioned medium of silica-exposed 
epithelial cells drastically increased the DNA content of MRC-5 fibroblasts up to 4 days after 
administration compared to conditioned medium of untreated controls. This proliferative 
effect was dependent on silica uptake as media from epithelial cells with cytochalasin D 
administration prior to silica addition failed to induce fibroblast proliferation (Figure 6A). 
Likewise, conditioned medium from NLRP3 siRNA transfected epithelial cells blunted higher 
DNA content levels in MRC-5 fibroblasts to baseline values (Figure 6B), indicating a role for 
the inflammasome in the initiation of neighboring fibroblast proliferation in response to silica. 
Conditioned media of LPS treated BEAS-2B cells did not affect fibroblast proliferation 
(Supplemental figure 3). 
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Figure 6: Fibroblast proliferation is affected by exposure to bronchial epithelial cell conditioned 
media. Conditioned BEAS-2B media was added to a monolayer of MRC-5 fibroblast cells and DNA 
content was measured up to 4 days to give an indication of proliferation. (A) MRC-5 proliferation is 
impacted by inhibition of particulate uptake in BEAS-2B medium. (B) Fibroblast proliferation after 
exposure to conditioned media of siRNA transfected BEAS-2B cells. *indicate a statistically 
significant difference in DNA content compared to UC at each time point, whereas # p<0.05 indicates 
significant difference compared to the positive control. N= 3 for each time point in each media 
condition. 
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DISCUSSION 
In myeloid cells, the inflammasome receptor complex is recognized as one of the cornerstones 
of the long-sought intracellular surveillance system [20]. The NLRP3 (NALP3) complex 
contributes to innate immune defenses against pathogen- and danger-associated moieties such 
as exogenous or endogenous crystalline molecules [5-7, 21]. 
Our present study assessed the importance of the bronchial epithelial cells as a target for 
cristobalite silica-induced inflammasome activation. Thereby, classical and non-canonical 
outputs of NLRP3 assembly and caspase-1 activation might contribute to the development of 
silicotic nodules and fibrosis. This study illuminated increases in transcription of components 
of the NLRP3 multiprotein platform which leads to caspase-1 activation in response to 
cristobalite silica in bronchial epithelial cells.  
 It has been postulated that the release of active IL-1 needs at first a signal provided by Toll-
like receptor (TLR) engagement that results in gene transcription and pro-IL-1β accumulation, 
a process sometimes described as “priming”; and a second signal through NLR signaling, 
which results in caspase-1 activation and subsequently processing of this cytokine into mature 
bioactive IL-1β. Nevertheless, it is still controversial whether there is a direct role for TLR 
signaling in the activation of the inflammasome because of contrasting results regarding the 
requirement of a “two-hit-model” in the assembly of the multiprotein complex. Epithelial cell 
monolayers, like some myeloid cells, do not always require LPS priming in contrast with the 
well documented ‘two hit model’ and therefore may provoke a constant phase of alarm when 
bombarded with cristobalite particles. It is therefore not surprising to find only modest but 
significantly increased levels of the most potent pyrogen IL-1β, in whole cell lysates or 
medium of cell cultures after treatment with silica without priming with LPS. Although in the 
comparative experiments using THP-1 macrophages silica induced a 22-fold higher IL-1β 
release compared to the response in BEAS-2B cells, many more epithelial cells are present in 
the lungs compared to macrophages. Together with the observations that ambient particulate 
matter PM10 alone could induce increases of detectable cleaved subunits of IL-1β in bronchial 
epithelial cells [17] and described IL-1β release from bronchial epithelial cells after cigarette 
smoke and rhinovirus without priming with LPS [22, 23],  bronchial epithelial cells can be 
considered danger sensing cells contributing to small but relevant levels of biologically active 
IL-1β. 
The nuclear-damage-associated molecular pattern molecule (DAMP), HMGB1 was originally 
identified as one of the nuclear proteins mediating gene transcription as a chromatin binder 
[24]. In secreted form, it is thought to be a cytokine-like molecule derived from various cell 
types, and acting as an alarmin. Furthermore, it induces production of pro-inflammatory 
cytokines [25]. Activated inflammasomes are involved in the release of HMGB1 through 
unconventional protein secretion, or as a soluble molecule from cells during pyroptosis [15]. 
HMGB1 is involved in innate and specific immune responses and contributes to acute lung 
injury in bleomycin-induced fibrosis in mice [26]. The same study also demonstrated that 
HMGB1 stimulates proliferation of human fibroblasts without effects on apoptosis and 
directly participated in fibrogenesis. Additionally, HMGB1 seems to protect the host from 
pathogen-induced mortality [27] and has the ability to attract stem cells to areas inflammation, 
thus promoting their regeneration [28, 29]. Here we show that inflammasome activation 
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mediates unconventional HMGB1 release from BEAS-2B and THP-1 cells following early 
interactions with silica and as a consequence of further amplification of the reaction cascade. 
bFGF is released after tissue injury and during inflammation and is produced by lung 
epithelial cells, macrophages and endothelial cells [30]. It plays a crucial role during fibrosis 
as well as angiogenesis [31, 32]. We recently showed higher transcript levels and bFGF 
protein secretion in cristobalite silica treated BEAS-2B cells compared to untreated controls 
[18]. Here, we extended these findings by demonstrating inflammasome dependence of 
release of bFGF from epithelial cells and macrophages suggesting an early role for the 
inflammasome in initiating fibrogenesis. 
In the previous study, we demonstrated uptake of cristobalite silica in bronchial epithelial 
cells [18]. Therefore, we investigated whether inflammasome activation was dependent on 
uptake of particles as shown by others in myeloid cells [5-7, 21]. Decreased levels of bFGF 
and HMGB1 release occurred in medium after cytochalasin D pre-treatment, indicating a 
pivotal role for internalization of silica in inflammasome activation and release of pro-
inflammatory and fibrotic mediators. It remains to be elucidated how particulates are 
internalized and how this triggers inflammasome assembly and activation.  
Finally, possible effects of inflammasome activation in epithelial cells on the lung 
microenvironment were examined. It was found that lung epithelial cells after internalization 
of silica secrete substances, including bFGF that induce fibroblast proliferation in vitro. The 
fact that the inhibition of particle uptake and inflammasome inactivation in bronchial 
epithelial cells dramatically blunted fibroblast proliferative response is a novel observation of 
direct relevance to fibrogenesis. 
The role of IL-1β in fibrosis is widely studied because IL-1  can induce its own gene 
expression and chronic activation via IL-1 receptor signaling. This could result in the 
continual cleavage of IL-1β via a positive feedback mechanism that could conceivably 
maintain a profibrotic phenotype. Uptake-related and inflammasome-dependent HMGB1 and 
bFGF secretion from lung epithelial cells suggest that crystalline silica induces local cellular 
injury which intensifies both disturbed immune signaling and increased proliferative capacity 
of cells during fibrogenesis (Figure 7).  
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Figure 7: A schematic representation of our in vitro model. In bronchial epithelial cells (BEC), 
cristobalite silica particles initiate the production of inflammatory cytokines, alarmins and growth 
factors leading to fibroblast proliferation in a particle uptake and NLRP3 inflammasome-dependent 
manner.  
 
Data presented here are the result of in vitro experiments and it remains to be investigated 
whether bronchial epithelial cells in vivo are a major site of silica-induced inflammasome 
activation and consequent signaling. Recently, it was published that human bronchial 
epithelial cells express functional NLRP3 [17] following PM10 exposure in a mouse model. 
Also, they demonstrated NLRP3-dependent airway neutrophilia and increases in dendritic cell 
numbers in intrathoracic lymph nodes, indicating the influence of NLRP3 on different aspects 
of immune cell signaling. 
Collectively, our data indicate that bronchial epithelial cells are much more active than 
previously assumed. The NLRP3 inflammasome is activated in a one-step fashion, leading to 
downstream occurring events that are important in relaying the danger signal to the 
microenvironment contributing to the pathological condition of silicosis. 
 
CONCLUSION 
These novel data show the presence and functional activation of the NLRP3 inflammasome 
by cristobalite silica in human lung epithelial cells that mediates a cadre of lung diseases. 
Moreover, these findings show that inflammasome activation by silica in epithelial cells is 
linked to fibroblast proliferation. 
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SUPPLEMENTAL MATERIAL 
 

 
Supplemental figure 1: Assessment of BEAS-2B cell viability after exposure to silica particles for 
24h. Cell viability was assessed by the trypan blue exclusion assay. Results are expressed as the mean 
percent viable cells ± SEM compared to unexposed controls and are representative of 3 independent 
experiments (N = 3 in each experiment). Surface area concentrations and mass concentrations of 
particles are expressed as x106μm2/cm2 and μg/cm2 respectively. * represents p<0.05 compared to 
UC. 
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Supplemental figure 2: Silica-induced release of inflammatory mediators and DAMPs from THP-1 
differentiated macrophages is NLRP3 dependent. ELISA performed on concentrated medium SN of 
PMA differentiated macrophages for detection of secreted IL-1β (A), HMGB1 (B) and bFGF (C) 24 h 
after silica treatment with or without priming with 5μg/mL LPS for 4 hr.  Data are presented as mean 
± SEM with * p-value <0.05 compared to UC, # p-value <0.05 compared to the siControl group and $ 
p-value <0,05 compared to SIL150 alone . 
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Supplemental figure 3: Fibroblast proliferation is not affected by exposure to LPS-treated BEAS-
2B conditioned medium.                                  
 
Supplemental table 1: Secreted levels of IL-1β, HMGB1 and bFGF from BEAS-2B and THP-1 
cells in response to silica treatment measured by ELISA. Data represented show IL-1β, HMGB1 and 
bFGF levels (pg/mL) under baseline conditions and after exposure to 150x106μm2/cm2 cristobalite 
silica (SIL150) for 24h in BEAS-2B and THP-1 cells. * represents p-value  < 0,05 for the difference 
between UC and SIL150 in each cell type.  # represents p-value < 0,05 for the difference in 
concentration between both cell types. 
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ABSTRACT 
Rationale: Mineral particles in the lung cause inflammation and silicosis. In myeloid and bronchial 
epithelial cells the inflammasome plays a role in responses to crystalline silica. Thioredoxin (TRX) 
and its inhibitory protein TRX-interacting protein link oxidative stress with inflammasome activation. 
We investigated inflammasome activation by crystalline silica polymorphs and modulation by TRX in 
vitro, as well as its localization and the importance of silica surface reactivity in rats. Methods: We 
exposed bronchial epithelial cells and differentiated macrophages to silica polymorphs quartz and 
cristobalite and measured caspase-1 activity as well as the release of IL-1beta, bFGF and HMGB1; 
including after TRX overexpression or treatment with recombinant TRX. Rats were intratracheally 
instilled with vehicle control, Dörentruper quartz (DQ12) or DQ12 coated with polyvinylpyridine N-
oxide. At days 3, 7, 28, 90, 180 and 360 five animals per treatment group were sacrificed. Hallmarks 
of silicosis were assessed with Haematoxylin-eosin and Sirius Red stainings. Caspase-1 activity in the 
bronchoalveolar lavage and caspase-1 and IL-1β localization in lung tissue were determined using 
Western blot and immunohistochemistry (IHC). Results: Silica polymorphs triggered secretion of IL-
1β, bFGF and HMGB1 in a surface reactivity dependent manner. Inflammasome readouts linked with 
caspase-1 enzymatic activity were attenuated by TRX overexpression or treatment. At day 3 and 7 
increased caspase-1 activity was detected in BALF of the DQ12 group and increased levels of caspase-
1 and IL-1β were observed with IHC in the DQ12 group compared to controls. DQ12 exposure 
revealed silicotic nodules at 180 and 360 days. Particle surface modification markedly attenuated the 
grade of inflammation and lymphocyte influx and attenuated the level of inflammasome activation, 
indicating that the development of silicosis and inflammasome activation is determined by crystalline 
silica surface reactivity. Conclusion: Our novel data indicate the pivotal role of surface reactivity of 
crystalline silica to activate the inflammasome in cultures of both epithelial cells and macrophages. 
Inhibitory capacity of the antioxidant TRX to inflammasome activation was evidenced. DQ12 quartz 
exposure induced acute and chronic functional activation of the inflammasome in the heterogeneous 
cell populations of the lung in associated with its crystalline surface reactivity. 
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INTRODUCTION 
Exposure to respirable crystalline silica dusts is very common in a multitude of industries and 
occupational settings. Inhalation of fine silica, including their most abundant naturally 
occurring polymorphs quartz and cristobalite, can lead to progressive pulmonary fibrosis and 
silicosis which continues to be a problem in developed and in third world countries [1]. The 
presence and severity of the disease depends on many factors such as individual 
susceptibility, and the level and duration of exposure [2]. Pathophysiologically, many 
molecular and micro-environmental reactions lead to sustained inflammation, prolonged 
tissue damage and remodeling, which over time often lead to the development of progressive 
interstitial fibrosis and silica-induced lung cancer [3,4]. 
In recent years the role of the inflammasome pathway in silica-induced lung inflammation and 
tissue remodeling has been emerging [5-7]. The nucleotide-binding oligomerization domain 
receptor, in short NOD-like receptor (NLR), pyrin domain-containing 3 (NLRP3) 
inflammasome belongs to the NLR subfamily of pattern-recognition receptors [8]. This 
multiprotein complex consists of the NLRP3 protein itself, the adapter molecule Apoptosis-
associated Speck-like protein containing a CARD (ASC) and caspase-1. Assembly of these 
proteins leads to conversion of the pro-inflammatory cytokines IL-1β and IL-18 into their 
active forms by caspase-1 and release of growth factors and alarmins including basic 
fibroblast growth factor (bFGF) and High mobility group protein B1 (HMGB1) into the 
extracellular space [9-11]. In murine models of silicosis ASC-, NLRP3- and IL-1β-deficient 
mice are more resistant to the infiltration of inflammatory cells, the formation of granulomas, 
excess collagen deposition and the development of fibrosis in response to silica instillation 
[6]. Moreover, it has been demonstrated that treatment with an IL-1 receptor antagonist is 
effective in reducing established silica-induced pulmonary fibrosis and that neutralization of 
IL-1β could attenuate silica-induced lung inflammation and fibrosis in mice [12,13]. These 
data indicate that the activation of the NLRP3 inflammasome by silica is key in the 
development of silicosis in mice. These studies did not however examine inflammasome 
activation in the time course of silicosis development, nor the cell types in which it occurred. 
In vitro, crystalline silica-induced inflammasome activation has been investigated profoundly 
in effector cells of the immune system; for example macrophages treated with silica have 
been shown to secrete IL-1β and IL-18 in an NLRP3-dependent manner [5-7]. Furthermore, 
we previously demonstrated induction of inflammasome signaling in lung epithelial cells in 
vitro in response to exposure to cristobalite silica in association with inflammatory and pro-
fibrogenic mediator release in the epithelial microenvironment [14]. The exact mechanism(s) 
by which silica particles trigger the assembly of the inflammasome complex still remains to 
be elucidated. One of the proposed mechanisms links lysosomal rupture and increased 
intracellular reactive oxygen species (ROS) levels to the assembly of the NLRP3 multi protein 
complex [7,15]. Other studies have shown an association between mitochondrial ROS 
production and regulation of the TXNIP/thioredoxin (TRX) axis to inflammasome activation 
[5,16,17]. 
The particle surface reactivity of crystalline silica has been long recognized as an important 
feature to their pathogenic hazard as reviewed by several authors [18,19]. Effects of silica 
quartz on human lung epithelial cells and rat lung epithelial cells and macrophages have been 
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shown to be determined by its surface reactivity. Exemplary, surface modification using 
various compounds including aluminium or the polymer polyvinylpyridine N-oxide (PVNO) 
drastically affected their ability to generate ROS and the downstream activation of pro-
inflammatory signaling, as well as the development of pulmonary inflammation, toxicity and 
fibrosis in vitro and in vivo [20-25]. 
The aim of this study was to comparatively investigate inflammasome activation by 
cristobalite silica and native quartz at equal surface area metrics in different target cells in 
vitro and to determine if surface reactivity is pivotal to this activation. In conjunction, it was 
investigated whether inflammasome activation could be prevented by enhancing cellular TRX 
levels. Secondly, although the importance of inflammasome activation to the initiation of 
inflammation and development of fibrosis has been shown in mice, it has not been elucidated 
in which cellular compartments activation occurs, whether it persists, and if surface reactivity 
of the particles is necessary. Therefore inflammasome activation was investigated in lungs of 
rats at multiple time points after exposure to quartz and the influence of the particle surface 
properties to this response was assessed by comparative evaluation of effects after PVNO 
polymer coated quartz instillation. 
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METHODS 
In vitro experiments 
BEAS-2B cell culture 
The non-tumorigenic Ad12-SV40 immortalized human bronchial epithelial cell line BEAS 2B 
(ATCC, Manassas, VA) was grown and maintained in Dulbecco’s Minimal Essential Medium 
(DMEM)/F12 containing 10% Fetal Bovine Serum (FBS) (CellGro® Mediatech inc, 
Manassas, VA), with penicillin (50 U/ml), streptomycin (100 μg/ml) (Invitrogen, Carlsbad, 
CA), hydrocortisone (100 μg/ml), insulin (2.5 μg/ml), transferrin (2.5 μg/ml) and selenium 
(2.5 μg/ml) (Sigma, St. Louis, MO). Culture flasks and plates (BD, Franklin Lakes, NJ) were 
pre-coated with a mixture of fibronectin (Sigma, St. Louis, MO) (0.01 mg/ml), bovine 
collagen type I (0.03 mg/ml) (Invitrogen, Carlsbad, CA) and bovine serum albumin (BSA, 
0.01 mg/ml, Sigma, St. Louis, MO) in DMEM/F12 media for 24 h at 37°C. Prior to 
exposures, medium was replaced with medium containing 0.5% FBS for 4 hours. 
 
THP-1 cell culture 
The macrophage like cell line THP-1(ATCC) was grown in RPMI 1640 medium containing 
10% FBS with penicillin (50 U/ml), streptomycin (100 μg/ml) and 2 mM L-glutamine at 
37°C. Ten ng/mL phorbol myristate acetate (PMA) was used to differentiate THP-1 cells for 
72 h prior to experiments. 
 
Surface Modification of Quartz Particles and exposures 
To modify the surface properties, DQ12 quartz (Batch 6, IUF, Düsseldorf) particles were 
treated with PVNO (DQ12-PVNO) as described previous [24]. Briefly, quartz was suspended 
at a concentration of 5 mg/mL in 1% solutions of PVNO in distilled water, subsequently 
sonicated for 5 min, and agitated for 3 h at room temperature. Quartz suspended in distilled 
water, sonicated and agitated for the same time intervals, was used as a control. The samples 
were then dried and stored in aliquots in the dark until use. The surface modification 
procedure did not affect the size distributions of the quartz sample as confirmed by electron 
microscopy analysis (shown in Albrecht et al. AJRCMB 2004). The in vitro experiments were 
performed with Cristobalite silica (C & E Mineral Corp., King of Prussia, PA), the sham-
coated DQ12 quartz and the PVNO coated DQ12 (DQ12-PVNO). All particles for in vitro 
experiments were UV-irradiated over night to inactivate possible contaminating endotoxin. 
Immediately before treatment of the cell cultures, silica particle suspensions (1 mg/mL) were 
sonicated for 15 min, aspirated 5 times through a 23 gauge needle and added to cell cultures. 
Concentrations are shown in the figures as μm2 particle surface area per cm2 cell surface area 
on the basis of the BET surface area. 
  
Assessment of Cell Viability 
After 24 h of exposure, cells were collected by trypsinisation (Invitrogen, Carlsbad, CA) and 
non-viable cells were stained using trypan blue (MP Biomedicals, Solon, OH). The 
proportions of stained versus unstained viable cells were determined using a hemocytometer 
as described previously [26]. 
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TRX overexpression and recombinant protein treatment in BEAS-2B and THP-1 cells 
In BEAS-2B cells, transfections were performed using Extreme gene (Roche) and 1 μg DNA 
24 h prior to stimulations. Differentiated THP-1 cells were transfected with 1 μg DNA using 
Lipofectamine 2000 (Invitrogen). Flag-tagged human thioredoxin overexpression plasmid was 
a kind gift of Dr. Haendeler, Heinrich-Heine University, Dusseldorf, Germany [27]. 
Recombinant human TRX protein was bought from Abfrontier (Korea). 
 
Caspase-1 activity assay 
Caspase-1 activity was measured using a commercially available assay (R&D) following the 
manufacturer´s protocol.  
 
ELISA  
Media samples were concentrated via aceton precipition with 2 volumes of ice cold acetone 
per volume of medium followed by 30 minutes at -20 C and centrifugation for 10 minutes at 
13.000 G. The obtained pellet was resuspended in 200μl dilution buffer. The levels of IL-1β 
(Biolegend) and bFGF (Biolegend) in this concentrated cell culture media were measured 
using commercially available ELISAs. HMGB1 was determined using a direct ELISA 
protocol. In brief, after a blocking step using 5% BSA for 1hour, the primary HMGB1 
antibody (ab18256 Abcam) was incubated at a 1/1000 dilution for 16 hours at 4°C. The 
secondary antibody was a biotin-conjugated swine anti-rabbit used at a 1/1000 dilution. 
Concentrations of IL-1β, bFGF and HMGB1 were established via extrapolation from a 
standard curve of the appropriate recombinant protein.  
 
BALF concentration  
500 μL of BALF was concentrated by adding 500 μL of methanol and 125 μL of Chloroform 
followed by vortexing and 10 minutes centrifugation at 20,000xg. Next, the upper phase was 
removed and another 500 μL of methanol was added to the sample followed by vortexing and 
5 min centrifugation at 20,000xg. The supernatants were discarded and the pellet was dried 
for 15 min at 55°C after which it was resuspended in 4X sample buffer and boiled for 5 min at 
95°C for subsequent Western blotting. 
 
Western blot 
BEAS-2B cells were lysed in a buffer containing 20 mM Tris, 150 mM NaCl, 1% [vol/vol] 
Nonidet P-40, 1 mM DTT, 1% [vol/vol] Protease Inhibitor Cocktail, 1% [vol/vol] 
Phosphatase Inhibitor Cocktail. Total protein content was determined by the Bio-Rad DC 
Protein Assay kit (Bio-Rad, Hercules, CA), according to manufacturer’s instructions. 20 μg 
protein for WCL or 15 μL of concentrated lavage or cell culture supernatants was loaded onto 
polyacrylamide gels. After transfer of proteins to a nitrocellulose membrane, primary 
antibodies against thioredoxin (ab16965, Abcam -kindly gifted by Dr. Haendeler) and 
caspase-1 (sc-56036, Santa Cruz) were applied at a dilution of 1:1500 and 1:300 respectively, 
followed by HRP conjugated secondary antibodies. SuperSignal west femto maximum 
sensitivity ECL Substrate was used to visualize the proteins of interest (Thermo Scientific) 
and images were taken on the AIDA image analyzer. 
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In vivo experiments 
Animals 
Female Wistar rats (8 weeks old, Janvier, Le Genest St Isle, France) were used for this study. 
The animals were housed and maintained in an accredited on-site testing facility, according to 
the guidelines of the Society for Laboratory Animals Science (GV-SOLAS). All animals were 
allowed food and water ad libitum. The animals were housed on hardwood bedding in plastic 
cages in an air-conditioned animal room (23 ± 2°C) with a regular 12 h light/dark cycle. The 
ethical approval for the animal study application was given by the North Rhine-Westphalia 
State Agency for Nature, Environment and Consumer Protection (NRW - LANUV, 23.05-
230-3-27/00). The intratracheal instillation procedures were performed after anesthetization of 
the animals using Isofluran (Essex Pharma GmbH, Munich, Germany). For to the instillation, 
aliquots of DQ12 or DQ12-PVNO were resuspended in PBS at a concentration of 5mg/ml. 
The suspensions were sonicated (5 min) and stirred until instillation by applying a total dose 
of 2 mg in 0.4ml PBS. Control animals received 0.4ml PBS which was sonicated and stirred 
in the absence of particles.  
 
Animal treatment and histopathology 
Rats were sacrificed in deep anesthetisation by pentobarbital at day 3, 7, 28, 90, 180 and 360 
after one single intratracheal instillation of PBS, DQ12 (2 mg) or DQ12-PVNO (2 mg) as 
previously published [21]. The lungs of five animals per treatment group were lavaged as 
described in detail elsewhere from independent rats that were not included for histopathology 
analysis [21,28]. The lavage fluid was spun at 500xg for 10 min (4°C) and cells were 
collected for enumeration of total and differential cell counts; the total recovery of the BALF 
was 90–95% of the instilled PBS volum. Supernatants were spun again (900 xg, 10 min,4°C) 
and investigated for proteinand and inflammatory parameters. Thioredoxin and caspase-1 
cleavage products have been measured in concentrated BALF. Lung fixation was performed 
in 5 independent animals per treatment group, for all treatment time intervals, by airway in 
situ perfusion of 4% Paraformaldehyde/PBS pH 7.4 at 20 cm H2O pressure. Lungs were 
embedded in paraffin and 5 μm sections were cut for histopathological evaluation as well as 
immunohistochemistry. 
Two sections of two lobes per animal – the left as well as the right cranial – were stained with 
hematoxylin & eosin (H&E) as well as Sirius red to investigate histopathological alterations. 
On H&E stained slides the following alterations were evaluated according to severity and 
distribution, based on the approach used by Porter et al (28) as detailed in Additional file1 in 
the online supplement: broncho-alveolar hyperplasia, perivascular and peribronchiolar 
lymphocytic infiltration, alveolar histocytosis; lympho-histiocytosis, infiltration near 
hyperplasia, alveolar lipoproteinosis, cholesterol granulomas and mixed cell alveolar 
inflammation. Sirus red staining indicates collagen deposition and was used to score 
perivascular fibrosis, fibrosis in alveolar septa and granulomas.  
 
Immunohistochemistry 
Antigen retrieval was performed by using citrate buffer (pH 6) for 10–15 minutes at 100°C on 
deparaffinized and re 
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hydrated sections. Blocking with 5% BSA/TBS for 1 h at room temperature to prevent non-
specific binding was next performed. Following optimization, caspase-1 (Santa Cruz, SC-
56036), IL-1β (SC-7884) and HMGB1 primary rabbit anti-rat antibodies (Abcam, ab18256) 
were diluted in 0.5%BSA/0.1%tween/TBS to final concentrations of 2.5 μg/ml, 5.0 μg/ml and 
0.5 μg/ml respectively. After 1 hour incubations with these antibodies, sections were washed 
4x with 0.1%Tw/TBS. The secondary antibody (swine anti-rabbit – biotin) was diluted 400x 
in 0.1%BSA/TBS and incubated for 30 minutes at room temperature. The washing step was 
repeated and ABC/AP (200x diluted in 0.1%Tw/TBS) was used for 30 minutes at room 
temperature. After washing, Vector Blue (50x diluted in 0.1 M Tris (pH = 8.2)) was added to 
visualize the antibody complexes. The slides are washed for 5 minutes with tap water after 
which nuclei were stained with Nuclear Fast Red. Finally tissue sections were treated with 
histosafe (3x3 minutes) and mounted with vectamount. Images are taken at 100x and 200x 
using Leica Qwin Pro software. Additional experiment was performed including isotype IgG 
control raised in the secondary antibody host and images were taken at 200x and 640x 
magnification using Zen software on the Axiophot Zeiss microscope. Slides were reviewed 
blinded and independently by two observers for assessment of immunohistochemical staining. 
Per section 10 fields were scored using four predetermined categories (score 0 = none, 1 = 
mild, 2 = moderate, 3 = severe intensity). Four different compartments were chosen to 
evaluate intensity of staining: 1) proteinosis and intra-alveolar macrophages, 2) alveolar 
epithelial cells, 3) fibrosis in alveolar septa and 4) bronchial epithelium. 
A Z-Score was calculated to score the relationship of each condition (DQ12 or DQ12-PVNO 
exposure) to the mean in a group of scores per time point. A Z-score of 0 means the score is 
the same as in the control (PBS) group. Z-scores per animal were calculated by averaging 
caspase-1 and IL-1β expression scores for all individually assessed compartments per time 
point and subsequently subtracting from each value the mean, μ, of the respective PBS control 
value followed by dividing by the standard deviation (σ) (Z= (x-μ)/σ). Data from all animals 
were averaged and expressed as mean values ± SEM. 
 
Statistical analyses 
Data were analyzed by one-way analysis of variance (ANOVA) using the Student Neuman-
Keul’s test to adjust for multiple pair-wise comparisons between treatment groups, or the 
Student's t- test where appropriate. The results from the histopathological scoring and IHC 
were evaluated using the nonparametric Mann-Whitney U-test. Differences with p-values < 
0.05 were considered statistically significant.  
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RESULTS 
Crystalline silica polymorph-induced inflammasome readouts are associated with 
caspase-1 enzymatic activity in a surface reactivity dependent manner.  
In order to compare inflammasome activation by different silica, we first determined 
comparative toxicity in BEAS-2B (Figure 1) and THP-1 cells (data not shown) using a range 
of equal surface area concentrations of DQ12 silica and cristobalite silica. Results in Figure 1 
show that neither DQ12 nor cristobalite silica caused significant cell death at the lowest dose. 
At higher doses similar levels of cell death were observed for both polymorphs. Interestingly, 
PVNO-modified quartz at the highest dose did not elicit any toxicity. Comparative data were 
obtained in THP-1 cells. For further experiments silica concentrations of 150x106μm2/cm2 
were used, allowing us to investigate the inflammatory and fibrogenic effects of these mineral 
particles as described previously [14,30]. 
 

 
Figure 1: Assessment of BEAS-2B cell viability after exposure to different silica polymorphs. Cell 
viability assessed by the Trypan blue exclusion assay of cells exposed to indicated doses of 
cristobalite, DQ12 and DQ12-PVNO silica particles for 24 h. Results are expressed as mean percent 
viable cells ± SEM compared to unexposed controls (UC) and are representative of 3 independent 
experiments (N = 3 for each treatment group in each experiment) * denotes p-value <0.05 compared 
to controls.                   
 
We next assessed caspase-1 cleavage by both silica polymorphs comparatively at equal 
surface concentrations. Levels of the functional p20 subunit of caspase-1 in BEAS-2B indeed 
similarly increased after treatment with cristobalite and DQ12 for 24h. Particle surface 
modification furthermore abrogated the potential of DQ12 to induce caspase-1 activation 
(Figure 2).  
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Figure 2: Silica polymorph-induced caspase-1 activity in human bronchial epithelial cells. Caspase-
1 enzymatic activity was assayed in lysates of BEAS-2B cells exposed to different silica polymorphs at 
a dose of 150 x 106μm2/cm2 for 24 h. Caspase-1 activities are expressed as mean arbitrary units (O.D. 
405 nm /total protein concentration (mg/mL))± SEM with * p-value <0.05 compared to UC, and # p-
value <0.05 compared to DQ12.  
 
We previously showed that release of not only IL-1β, but also of bFGF and HMGB1 by 
BEAS-2B and THP-1 cells in response to cristobalite silica was dependent on NLRP3. 
Therefore we next assessed if DQ12 similarly caused the release of these inflammasome-
dependent mediators and if this then is dependent on surface reactivity as observed for 
caspase-1 activity in Figure 2. Indeed, results in Figure 3 demonstrate that cristobalite and 
DQ12 both act as inflammasome activators, causing significantly increased release of IL-1β, 
bFGF and HMGB1 in both cell types. Levels of these mediators induced by both polymorphs 
were comparable in BEAS-2B cells. In THP-1 cells, bFGF and HMGB1 levels in response to 
cristobalite and DQ12 were similar as well, but DQ12 was found to be a more potent inducer 
of IL-1β release. The differential levels of these mediators observed between the two cell 
types under investigation, under baseline conditions as well as in response to silica treatment 
are in line with our previous study [14]. Interestingly, no significant increases in mediator 
levels in response to DQ12-PVNO compared to untreated controls were found. Also, 
compared to uncoated DQ12, the response was mostly significantly dampened by surface 
coating in both cell types. 
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Figure 3: Silica polymorphs augment release of NLRP3-associated inflammatory and fibrotic 
mediators as well as alarmins from lung epithelial cells and differentiated macrophages, which is 
dependent on surface area reactivity. Investigation of markers for inflammasome activation in BEAS-
2B (upper panels) and THP-1 (lower panels) cells following exposure to cristobalite, native and 
PVNO coated DQ12 silica for 24h at a dose of 150 x 106μm2/cm2. ELISAs were performed on 
concentrated medium for detection of secreted IL-1β (A), bFGF (B) and HMGB1 (C). Data are 
presented as mean ± SEM with * p-value <0.05 compared to UC, £ p-value<0.05 compared to SIL150 
and # p-value <0.05 compared to DQ12 silica exposure.  
 
Crystalline silica-induced caspase-1 enzymatic activity and inflammasome readouts are 
attenuated by thioredoxin.  
Intrinsic and extrinsic ROS formation is thought to be an essential step in the activation of the 
inflammasome in response to silica. Our data, with respect to dampening of the response by 
surface coating, support this hypothesis. One mechanism by which ROS are linked to 
inflammasome activation is by oxidation mediated release of TXNIP from TRX. We thus 
hypothesized that increasing TRX levels could prevent inflammasome activation in response 
to silica treatment. The presence of TRX was measured on WCL and concentrated SN of 
TRX plasmid transfected and TRX protein treated BEAS-2B cells by Western blotting 
(Additional file 2: Figure S1). In BEAS-2B (Figure 4A) as well as in THP-1 cells (Figure 
4B), silica-induced caspase-1 activity levels were significantly lower in cells overexpressing 
TRX compared to pcDNA controls. In addition, pretreatment of BEAS-2B cells with 
recombinant human TRX protein similarly attenuated caspase-1 activation in response to 
silica treatment (data not shown). 
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Figure 4: Silica-induced caspase-1 activity in human bronchial epithelial and macrophage-like 
cells is attenuated by thioredoxin. Caspase-1 enzymatic activity was assayed in cell lysates of BEAS-
2B (A) and THP-1 cells (B) exposed to different silica polymorphs for 24 h at a dose of 150 x 
106μm2/cm2, transiently overexpressing flag-tagged thioredoxin (flagTRX) or pcDNA empty plasmid. 
Caspase-1 activities are expressed as mean arbitrary units (O.D. 405 nm /total protein concentration 
(mg/mL)) ± SEM with * p-value <0.05 compared to appropriate controls (UC), and # p-value <0.05 
compared to same treatment in pcDNA conditions. 
 
To further investigate a protective role of TRX in crystalline silica-induced inflammasome 
signaling we determined IL-1β and HMGB1 levels in the medium of BEAS-2B cells 
overexpressing TRX or pretreated with recombinant human TRX protein (Figure 5). In 
agreement with effects observed on caspase-1 activity, both overexpression of TRX and 
pretreatment with recombinant TRX abrogated the release of IL-1β and HMGB1 by BEAS-
2B cells following cristobalite silica exposure. We also examined bFGF release in these 
experiments however these growth factor levels were not significantly affected by TRX (data 
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not shown). Present results show that by enhancing TRX levels, either genetically or by 
treatment with the recombinant protein it is possible to attenuate inflammasome signaling. 
 

 
 
Figure 5: Thioredoxin overexpression or pretreatment attenuates the release of IL-1β and HMGB1 
in response to cristobalite silica. ELISAs were performed on concentrated medium of BEAS-2B cells 
transiently overexpressing flagTRX (top panel) or pre-treated with 250 ng/ml recombinant human 
TRX (lower panel) and exposed to 150 x 106μm2/cm2 of cristobalite silica for 24 h for the detection of 
secreted IL-1β (A and C) and HMGB1 (B and D). Data are presented as mean ± SEM with * p-value 
<0.05 compared to UC, and # p-value <0.05 compared to respective crystalline silica exposure in the 
pcDNA or non-TRX treated group.      
 
Crystalline silica surface area reactivity is an important driver of lung damage, 
inflammation and histopathological hallmarks of silicosis in vivo. 
As particle coating has been proven to affect in vivo responses as well with respect to 
inflammation and fibrosis, we examined how different cell types in rat lung tissue are affected 
over time when exposed to coated and uncoated crystalline minerals. 
Representative lung tissue sections of rats exposed to PBS, coated and non-coated quartz for 
90 days are shown in Figure 6. H&E staining in the DQ12 exposed group demonstrated 
massive inflammation and particle-laden macrophages in the alveoli. Next to influx and 
accumulation of lymphocytes and neutrophils in the interstitium, alveolar histiocytosis 
accompanied with intra-alveolar proteinosis and hyperplasia was present in the native quartz 
group. Figure 6 also reveals the presence of fibrosis of the alveolar septa in lungs of rats 
exposed to DQ12 quartz. Quartz particles coated with PVNO did not cause disintegration of 
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the alveolar structure. Moreover, DQ12-PVNO exposure revealed a decrease in the influx of 
inflammatory cells and an absence of fibrogenic histopathological characteristics in our 
silicosis model compared to uncoated quartz. The histopathological evaluations as evaluated 
by H&E and Sirius Red staining and scoring thereof for all treatment times are listed in Table 
1 and confirm the rapid pro-inflammatory effect of DQ12 as well as the progressive increases 
in pulmonary toxicity of this crystalline silica sample. By comparison, significantly less 
pronounced degrees of alveolar lipoproteinosis, alveolar histocytosis and bronchoalveolar 
hyperplasia were observed with the PVNO coated quartz with increasing time intervals. The 
surface modification of the DQ12 also led to lower fibrosis scores in the alveolar septa and 
perivascular regions. 
 

 
Figure 6: Particle surface modification attenuates the development of silicotic tissue morphology in 
rat lungs. Representative microphotographs of lung histopathology at 90 days after instillation of 
DQ12 or DQ12-PVNO by H&E staining. Original magnification ×200.  
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Table 1: Summary of histopathological evaluation of lung tissue of rats exposed to DQ12, DQ-
PVNO or PBS.  
Alveolar lipoproteinosis Mixed cell alveolar inflammation 
 PBS DQ12 DQ12-PVNO  PBS DQ12 DQ12-PVNO 

3d 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 3d 0.0 ± 0.0 1.2 ± 0.7* 0.0 ± 0.0# 
7d 0.0 ± 0.0 0.2 ± 0.4 0.0 ± 0.0 7d 0.0 ± 0.0 1.1 ± 0.7* 0.5 ± 0.6 
28d 0.0 ± 0.0 1.0 ± 0.3** 0.3 ± 0.4## 28d 0.0 ± 0.0 0.8 ± 1.1 0.0 ± 0.0 
90d 0.0 ± 0.0 1.3 ± 0.8* 0.0 ± 0.0# 90d 0.0 ± 0.0 0.5 ± 0.4 0.1 ± 0.2 
180d 0.0 ± 0.0 2.0 ± 0.4** 0.3 ± 0.4## 180d 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 
360d 0.0 ± 0.0 2.6 ± 1.5** 2.9 ± 1.5$$ 360d 0.0 ± 0.0 0.6 ± 1.0 0.0 ± 0.0 

 
Alveolar histocytosis 

 
Brochoalveolar hyperplasia 

 PBS DQ12 DQ12-PVNO  PBS DQ12 DQ12-PVNO 
3d 0.0 ± 0.0 0.8 ± 0.7 0.1 ± 0.3 3d 0.0 ± 0.0 0.7 ± 0.9 0.3 ± 0.7 
7d 0.3 ± 0.7 1.5 ± 0.7 0.5 ± 0.4# 7d 0.9 ± 1.8 2.2 ± 1.4 0.6 ± 0.8 
28d 1.0 ± 0.4 3.4 ± 1.4* 1.4 ± 0.8# 28d 1.0 ± 0.4 3.1 ± 1.8 1.4 ± 1.2 
90d 0.4 ± 0.7 3.8 ± 0.6** 1.0 ± 0.7## 90d 0.8 ± 1.0 2.6 ± 1.4 0.6 ± 0.3 
180d 0.8 ± 0.4 2.4 ± 0.6* 2.5 ± 1.0$ 180d 0.1 ± 0.3 2.3 ± 1.0** 2.3 ± 0.7$$ 
360d 0.3 ± 0.3 3.0 ± 0.6** 2.0 ± 0.4$$,# 360d 0.0 ± 0.0 5.5 ± 1.1** 3.9 ± 1.0$$,# 

 
Fibrosis alveolar septa 

 
Perivascular fibrosis 

 PBS DQ12 DQ12-PVNO  PBS DQ12 DQ12-PVNO 
3d 0.0 ± 0.0 0.1 ± 0.3 0.0 ± 0.0 3d 1.0 ± 0.2 1.0 ± 0.0 0.9 ± 0.2 
7d 0.0 ± 0.0 0.0 ± 0.0 0.0 ± 0.0 7d 0.6 ± 0.2 1.0 ± 0.0* 1.0 ± 0.0 
28d 0.0 ± 0.0 0.4 ± 0.6 0.0 ± 0.0 28d 1.1 ± 0.2 1.3 ± 0.4 1.1 ± 0.2 
90d 0.0 ± 0.0 1.0 ± 0.8* 0.0 ± 0.0# 90d 1.0 ± 0.0 1.4 ± 0.4 1.0 ± 0.0 
180d 0.2 ± 0.2 1.4 ± 1.3 0.4 ± 0.4 180d 0.8 ± 0.2 1.6 ± 0.2** 1.5 ± 0.4$ 
360d 0.7 ± 0.5 2.1 ± 0.2** 1.3 ± 0.5# 360d 1.1 ± 0.4 2.3 ± 0.2** 1.9 ± 0.4$ 

Histopathological evaluation of 2 lung lobes (left, right cranial) each stained with H&E and Sirius red 
3, 7, 28, 90, 180 and 360 days after one single intratracheal instillation of PBS, DQ12 or DQ12-
PVNO. For histopathological scoring, data were calculated as the sum of lesion severity and 
distribution. The mean of the two lobes was calculated and data expressed as mean ± sd of 5 animals 
per treatment and time point. DQ12 vs. PBS: * p < 0.05; ** p < 0.01; DQ12-PVNO vs. PBS: $ p<0.05, 
$$ p>0.01; DQ12 vs. DQ12-PVNO: # p < 0.05; ## p < 0.01. 
 
 
Particle surface modification attenuates inflammasome activation in the BALF and rat 
lung tissue 
The contribution of inflammasome activation to the development of silicosis has been shown 
in a mouse model; however caspase-1 activity and its particle surface reactivity dependency in 
the BALF of rats was not demonstrated yet, neither has it been localized in an animal model 
of silicosis. In Figure 7 we showed increased levels of caspase-1 cleaved subunits in the 
BALF of DQ12 exposed rats. This effect was partly abrogated under conditions where rats 
were treated with the polymer-modified quartz. 
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Figure 7: Detection of caspase-1 cleavage products in BALF of silica exposed rats. Cleaved 
caspase-1 p20 and p10 subunits were detected in concentrated lavage fluid of rats exposed to PBS, 
DQ12 or DQ12-PVNO for 3 and 7 days by Western blotting (4 animals per group). 
 
 
 
Another goal was to localize inflammasome activation in the lung tissue of the rat model used 
here and secondly to examine if this activation was dependent on surface reactivity. 
Immunohistochemistry for caspase-1 and IL-1β as pivotal readouts of inflammasome 
activation, to assess and localize activation of the inflammasome complex were performed. 
Clearly increased expression levels of caspase-1 and IL-1β in alveolar, bronchial epithelial, 
myeloid and endothelial cells in lungs of rats that were exposed to DQ12 for 180 days is 
evident in Figure 8. Additionally, exudates in alveolar proteinosis-characterized areas were 
significantly stained more intensely for these cleaved subunits and pro-forms of the protease 
and cytokine. A significant reduction in caspase-1 and IL-1β staining was observed in lung 
tissue of the PVNO-coated rats. Immunohistochemical staining performed on lung tissue 
obtained at other time points under investigation reveal similar results (Additional file 3: 
Figure S2A-F). 
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Figure 8: Particle surface modification modulates inflammasome activation in rat lungs. Immuno-
histochemical staining of caspase-1 (A) and IL-1β (B) in PBS control vs. DQ12 or DQ12-PVNO 
treated rats at 180 days after exposure along with corresponding IgG control staining. Images are 
representative of 5 rats per group. Caspase-1 and IL-1β are stained in blue. Slides were 
counterstained using Nuclear Fast Red. Arrows indicate specific cell types, i.e. bronchial epithelium 
(solid triangle), alveolar epithelial cell (arrow), macrophages (open triangle) 
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Inflammasome activation, determined by caspase-1 and IL-1β expression levels, was semi-
quantitatively scored, in different predefined compartments; 1) alveolar proteinosis and intra-
alveolar macrophages, 2) staining in alveolar epithelial cells, 3) inter-alveolar fibrosis and 4) 
bronchial epithelium. Figure 9A demonstrates that in each of the 4 compartments caspase-1 
expression levels were significantly increased in the DQ12 treated group acutely and further 
increased at the later time points. The expression levels of caspase-1 were much lower at any 
time point in the polymer coated quartz exposed group compared to the native quartz exposed 
group. For day 3, 28, 180 similar data were obtained (not shown). Scoring of the expression 
of the pro-form and cleaved IL-1β subunits in these rat lung tissue sections provided data 
revealing similar patterns regarding inflammasome activation by crystalline silica including 
time-dependent increases and blunting by surface modified quartz exposure (Figure 9B). 
Finally, an overall score for inflammasome activation was calculated based on these two 
immunohistochemical stainings individually assessed in the 4 separate compartments per time 
point for each quartz treatment in relation to the PBS controls (Figure 9C). A Z-score of 0 
indicates that the overall inflammasome score in that specific condition does not differ from 
the mean score of the control group. DQ12 exposure thus induced inflammasome activation at 
all time points, and this level of inflammasome activation was largely attenuated in the 
uncoated quartz group. 
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Figure 9: Native quartz exposure leads to sustained inflammasome activation in different cellular 
and interstitial compartments of the rat lung, which is attenuated by surface modification. Results 
represent semi-quantitative scoring of caspase-1 (A) and IL-1β (B) immunohistochemistry in different 
compartments of lungs at acute (7 days) and chronic inflammatory conditions (90 and 360 days) 
following a single silica or PBS challenge. Data are presented as mean ± SEM with * p-value <0.05 
compared to PBS, and # p-value <0.05 compared to DQ12 exposure. C, Z-scores for total 
inflammasome (of caspase-1 and IL-1β combined) staining intensities over all compartments in DQ12 
and DQ12-PVNO groups normalized to the average inflammasome staining of the PBS group at each 
time point with # p-value <0.05 comparing DQ12-PVNO vs UC with DQ12 vs UC. 
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DISCUSSION 
Prolonged exposure to silica can lead to the development of silicosis, an irreversible, fibrotic 
pulmonary disease. Inflammasome activation by silica has been reported in myeloid and 
epithelial cells of the lung in vitro and is crucial to development of silicosis in mice [6,13]. In 
this study we demonstrated that the inflammasome pathway is activated in inflammatory as 
well as structural cells in rat lungs up to 1 year after a single intratracheal instillation of 
crystalline silica in association with pulmonary inflammation and fibrogenesis. Further, we 
found these effects to be largely absent when PVNO -polymer modified quartz was instilled, 
indicating the importance of the surface modification in vivo to both the induction of 
inflammasome activation as well as associated inflammatory and fibrotic responses. It is of 
notice that the PVNO-coated material has lower effects although, especially at later time 
points post instillation, some effects are emerging (180 and 360 days). This could perhaps be 
due to the removal of some of the coating over time. In fact the data show that PVNO-coating 
blunts much of the toxic responses of the DQ12, however, it does not turn the DQ12 into an 
“inert” dust. 
Secondly, in epithelial and myeloid cells inflammasome activation was demonstrated in vitro 
to a similar extent by different silica polymorphs, which was also found to be critically 
dependent on surface reactivity of the crystalline dust. Additionally, inflammasome-
dependent mediator release could be reduced not only by surface modification, but also by 
enhancing endogenous thioredoxin levels by overexpression or exogenous administration of 
this antioxidant. 
In the in vivo study increased activation of caspase-1 and increased levels of IL-1β were 
observed in response to DQ12 treatment in different cellular compartments of the lung, at 
acute, as well as chronic timepoints. Here, pro- as well as cleaved/active subunits of these 
proteins, so the total amount of this protein is detected in the rat lung tissues. However, it has 
been shown that when activated, increased mRNA expression of both capase-1 and IL-1β 
occurs as a positive feedback mechanism to replenish protein levels and provide sufficient 
substrate. The increased protein levels of caspase-1 and IL-1β although not specific for 
activated forms, can be regarded as proof of activation of the inflammasome. These data 
indicate a synergistic contribution of alveolar and bronchial epithelial cells as well as myeloid 
cells, endothelial cells and fibroblasts to the total inflammasome activation which has been 
reported previously in mouse models of silicosis.  
In vitro studies have revealed that, in response to silica and other crystals, immune cells 
deficient in components of the NLRP3 inflammasome are incapable of secreting the 
proinflammatory cytokines IL-1β and IL-18 [7,14,31]. Silica-induced inflammasome 
activation in non-myeloid cells is emphasized in recent publications where interestingly 
human keratinocytes released mature, cleaved IL-1β only upon exposure to SiO2 
nanoparticles, although it has not been fully characterized to what extent nano-SiO2 is 
crystalline [32]. Our group furthermore demonstrated the presence and functional activation 
of the NLRP3 inflammasome in human lung epithelial cells in response to cristobalite silica 
[14]. By the studies represented in this manuscript we add to these data that inflammasome 
activation in bronchial epithelial cells and differentiated macrophages can be induced to a 
similar degree by the two most common polymorphs of crystalline silica, i.e. quartz and 
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cristobalite, to secrete IL-1β, bFGF and HMGB1 from human lung cells in vitro. Accordingly, 
from a review of in vivo experimental and epidemiological studies, Mossman and Glenn 
recently synthesized no evidence for differences between quartz and cristobalite in being pro-
inflammatory and possibly fibrogenic agents [33]. Besides silica, also asbestos fibers 
(hydrated silicates) can prime and activate the NLRP3 inflammasome [5,34] in for instance 
human mesothelial cells [35]. The importance of the NLRP3 inflammasome and HMGB1 in 
asbestos-induced inflammation has in addition been linked to mesothelioma [36].  
The polymer PVNO has been investigated for its potential prophylactic and therapeutic use in 
silica and silica-containing dust induced fibrosis, albeit with limited success [37-39]. Next to 
addition, adsorption of PVNO onto the crystalline silica surface has been shown to blunt its 
reactivity via a mechanism that is considered to involve H-bonding of its NO groups with the 
reactive silanol groups at the quartz surface. A direct coating approach of quartz with the 
polymer has been used by us in various investigations to address the contribution of the 
surface properties in silica toxicity and pathogenesis [24,25]. First, it could be demonstrated 
by electron spin resonance spectroscopy that PVNO coating inhibits the intrinsic ROS 
properties of DQ12 quartz. Subsequently, it was shown that such modification abrogates 
ROS-mediated induction of oxidative DNA damage responses in lung epithelial cells in vitro 
[25,40] and rat lungs in vivo [24]. PVNO coating has also specifically been shown to abrogate 
the formation of ROS by phagocytic cells and ROS levels in lavage fluid of exposed rats 
[20,24]. In association with this, PVNO modification also had profound effects on the 
induction and persistence of pulmonary inflammation [21] as well as the cellular uptake of 
silica particles and their clearance from rat lung [41]. This is further evidenced by our 
additional proof for in vivo surface reactivity dependent inflammasome activation by means 
of caspase-1 activity in the BALF. Our present data in addition reveal an important role for 
the crystalline surface of silica polymorphs in the activation of caspase-1 and in the ability to 
induce secretion of IL-1β, bFGF and HMGB1 from human lung epithelial and macrophage 
like cells in vitro and in inflammasome activation in vivo. 
Activation of the NLRP3 inflammasome by silica requires both an efflux of intracellular 
potassium and the generation of reactive oxygen species in myeloid cells [6]. Hornung et al. 
added evidence that particle uptake in peripheral blood mononuclear cells subsequently leads 
to lysosomal damage and rupture, and that inhibition of either phagosomal acidification or 
cathepsin B activity impaired NLRP3 activation. Their work indicates that the NLRP3 
inflammasome senses lysosomal damage as an endogenous 'danger' signal [7]. We previously 
demonstrated impaired inflammasome activation upon inhibition of uptake by cytochalasin D 
pretreatment in epithelial cells [14]. Uptake of silica polymorphs, NADPH oxidase activity 
and ROS formation has also been linked to NLRP3 inflammasome activation in THP-1 
macrophages and bone marrow-derived dendritic cells [5,31].  Shifts in the intracellular redox 
status resulting from an imbalance between ROS formation and antioxidant defense pathways 
are known to modulate innate immunity at various levels in myeloid and epithelial cells. 
Therefore, as expected, abrogated inflammasome signals were detected when BEAS-2B or 
THP-1 cells were exposed to aforementioned surface modified quartz. This was evidenced by 
attenuated release of IL-1β, bFGF and HMGB1, in addition to lower induction of caspase-1 
activity by PVNO surface modification of DQ12 and supported by our in vivo findings. These 
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data indicate that oxidant imbalances arising from particle-surface interactions may be 
responsible for the earlier described inflammasome activation. Also in relation to the 
involvement of oxidant imbalances in inflammasome activation, a key role for the 
thioredoxin-interacting protein (TXNIP)/TRX axis, recently coined as the “redoxisome” [42] 
has been evidenced [16]. Thioredoxins (TRX) reduce oxidized proteins and regulate the 
function of several proteins by acting as a binding partner. TRX has been for instance been 
described as potent ROS detoxifying protein in retinal pigment epithelial cells and has a direct 
effect on mitochondria by preventing oxidative stress [43]. Dostert et al. devoted a role to 
TRX in regulating inflammasome activation in THP1-macrophages in response to asbestos 
and uric acid crystals [5]. More recent work by Zhou et al. furthermore showed that lysosomal 
damage or increased oxidant production as a consequence of particle-cell interactions and 
uptake, would lead to increased dissociation of TXNIP from TRX, which was essential to 
inflammasome activation. Additionally, it was shown that asbestos modulates TRX/TXNIP 
interaction to regulate inflammasome activation [17]. We thus hypothesized that the described 
absence of inflammasome activation in TXNIP deficient conditions could be mimicked by 
increasing TRX levels. Indeed, overexpression or pretreatment with TRX1 significantly 
attenuated caspase-1 activation and release of IL-1β and HMGB1 in response to silica 
treatment. Interestingly, in previous studies we had observed significantly increased mRNA 
levels of TXNIP in primary normal human bronchial epithelial cells after cristobalite silica 
treatment [30] and confirmed cristobalite-induced increased protein levels in BEAS-2B by 
Western blot analysis (data not shown). These novel data suggest that the inflammasome 
readouts we observed are associated with caspase-1 enzyme activity in a thioredoxin 
dependent fashion in vitro. In conjunction with reported protection to  induction of 
inflammation and airway hyperresponsiveness in a mouse model of asthma and development 
of emphysema and ongoing inflammation in a model of COPD by intraperitoneal injection of 
recombinant TRX [44,45], further investigations towards the possible therapeutic potential of 
TRX in silicosis and diseases characterized by inflammasome activation in general are 
warranted.  
Taken together, these results suggest that quartz and cristobalite silica can induce 
inflammasome activation in vitro and further that exposure to most abundant crystalline 
polymorph, quartz, in vivo is associated with inflammasome-dependent inflammatory and 
fibrotic remodelling of lung tissue in a surface reactivity dependent manner. Although the 
current study provides evidence for inflammasome activation in structural cells in addition to 
myeloid cells, the relative importance of inflammasome activation in these different cell types 
in relation to the development and progression of silicosis needs to be further investigated. 
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SUPPLEMENTAL MATERIAL 

Additional file 1: Table S1 Histopathological scoring was performed according to schematic 
represented in Additional file 3: Table S1 [29]. 
 

Severity No Focal Multifocal Locally extensive 
1 1.0 0.25 0.5 0.75 
2 2.0 1.25 1.5 1.75 
3 3.0 2.25 2.5 2.75 
4 4.0 3.25 3.5 3.75 

 

Additional file 2: Figure S1 Determination of TRX in BEAS-2B cells that were transferred 
with TRX plasmid or treated with recombinant TRX protein. BEAS-2B cells were transfected 
or treated with TRX plasmid or TRX protein, respectively. On whole cell lysates (WCL) and 
concentrated supernatants (SN) the presence of TRX was measured by western blot. GAPDH 
(1:20000) was used as an house keeping control. 

 
 
 
 
Additional file 3: Figure S2A-F IHC images of caspase-1 and IL-1β at given time points. 
These supplemental figures represent immunohistochemical staining for caspase-1 on lung 
tissue obtained at 3 and 7 days (2A), at 28 and 90 days (2B) as well as at 180 and 360 days 
(2C). Representative images for IL-1β staining are indicated for different timepoints: 3 and 7 
days (2D), at 28 and 90 days (2E) as well as at 180 and 360 days (2F). 
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ABSTRACT 
Pneumoconiosis is a form of interstitial lung disease that is characterized by massive fibrosis 
and inflammation, which occurs after long-term inhalation of particulate matter. Silicosis is 
refractory to treatment and an important health problem. Inflammasome activation in vitro 
and in animal models of silicosis has been shown to be important in the disease process. 
Earlier, we demonstrated that silica is taken up by and initiates inflammasome activation in 
bronchial epithelial cells in vitro. Here we wanted to investigate if inflammasome activation 
occurs in epithelial lung tissue of miners who were diagnosed with silicosis versus non-
silicosis, how silica particles are taken up in bronchial epithelial in vitro and by which 
mechanism. Lung tissue was available of 40 miners who were diagnosed with silicosis by 
pathologists were matched to 40 miners, where there was no visible silicotic fibrosis. They 
were matched on the basis of birth (+/-5 years), number of years (+/- 5 years) and the 
cumulative quartz exposure (+/- 5 mg/m3/years). By immunohistochemistry, lung tissue 
slides were stained for Caspase-1 and Interleukin-1β and scored semiquantitatively. Further 
statistical analysis revealed significantly elevated inflammasome activation in silicotic miners 
compared to non-silicotics in predefined compartments of the lung.  
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INTRODUCTION 
Silicosis is a fibrotic pulmonary disease caused by the inhalation and accumulation of 
inorganic crystalline silicon dioxide or silica (SiO2). It is one of the oldest occupational 
diseases worldwide and the Occupational Safety and Health Administration (OSHA) 
estimates that 2.2 million people in the U.S. are still exposed to silica at the work place even 
today, including 1.85 million construction workers [1]. The prevalence of silicosis patients is 
in China, with 500,000 estimated cases of silicosis diagnosed between 1991 and 1995, with 
6,000 new diagnosed incidents and over 24,000 deaths reported each year [2]. Although 
disease incidence has declined in developed countries, it is still prevalent and especially of 
health concern in many poorly surveyed countries with less compliance towards regulatory 
standards as well as protective and preventative measures of exposure to workers. The actual 
total figure might be much higher since under-diagnosis and under-reporting are quite 
common. No curative treatment exists currently against silicosis.  
The impaction of crystalline silica particles on myeloid and epithelial cells in the lung has 
been described to lead to the assembly and activation of the multi-protein danger sensor, the 
inflammasome [3-5]. Its importance in the development of silicosis was demonstrated in 
mouse models as NLRP3 inflammasome deficient mice failed to develop inflammation and 
displayed attenuated fibrosis [6, 7]. Inflammasome activation by silica thus seems to play an 
important role in the initiation and fueling of the inflammatory response, which is thought to 
underlie the process of fibrosis. Assembly of this well described multi-protein complex leads 
to caspase-1 enzymatic activation which in turn instigates the release of cytokines, alarmins 
and growth factors such as interleukin-1β (IL-1β), IL-18, basic fibroblast growth factor 
(bFGF) and high-mobility group protein B1 (HMGB1) into the microenvironment [8, 9].  
Despite this evidence for a critical role of the NLRP3 inflammasome and derived mediators in 
the development of silicosis in vitro and in mice, the presence and functional activation of this 
inflammasome has not been shown in clinical samples of silicosis. Therefore, the aim of this 
study is to investigate if the expression levels of inflammasome-related proteins, namely 
caspase-1 and IL-1β are enhanced in lung tissue of miners that developed silicosis compared 
to miners matched for age and dust exposure without silicosis.  
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METHODS 
Study population/ selection of cases 
From 1946 to 1990, about 400,000 miners have worked in the uranium mines of the former 
East German WISMUT Corporation. Since 1957, the Institute of Pathology in Stollberg, as 
part of the health service of the WISMUT Corporation, conducted autopsies of deceased 
miners with a focus on occupational lung diseases such as silicosis. After the German 
reunification this autopsy repository was opened to research. For each patient with a working 
history at the Sowjetisch-Deutsche Aktiengesellschaft/Sowjetische Aktiengesellschaft 
(SDAG/SAG) WISMUT, pathologists reviewed the corresponding tissue slides for 
assessment of silicosis in the lung [10, 11]. Silicosis of the lung was defined as presence of 
fibrotic nodules with concentric “onion-skinned” arrangement of collagen fibers, central 
hyalinization, and a cellular peripheral zone, with lightly bi-refringent particles seen under 
polarized light in at least one of the tissue slides. For this study, which was authorized by the 
German government, 40 cases with silicosis and 40 cases without pathological silicosis were 
pair-matched for age and exposure data and further selected based on autopsy reports.  
 
Histopathology and Immunohistochemistry 
Tissue sections were stained with hematoxylin & eosin (H&E) and were reviewed by two 
pathologists at the Maastricht University Medical Centre (MUMC+, Maastricht, The 
Netherlands), to confirm the documented silicosis status based on the same criteria originally 
adopted. On H&E stained slides the following alterations were evaluated according to severity 
and distribution: antracose-pigment sedimentation, broncho-alveolar hyperplasia, perivascular 
and peribronchiolar lymphocytic infiltration, alveolar histocytosis, alveolar lipoproteinosis, 
mixed cell alveolar inflammation and hyperplasia as well as perivascular fibrosis, fibrosis in 
alveolar septa, granulomas and silicotic nodules. 
The lung tissue sections were deparaffinized and rehydrated. Heat-induced antigen retrieval 
using 1mM EDTA (pH 8) was performed with microwave technology (700 W or high for 10 
min). After cooling down and immersing in cold TBS, the slides were incubated with 5% 
bovine serum albumin (BSA, Sigma, St. Louis, MO) dissolved in Phosphate buffered saline 
(PBS) to block nonspecific antibody reaction. The following primary antibodies were diluted 
to final primary antibody concentrations of 2.5 μg/mL in 0.1% BSA (Sigma, St. Louis, MO) 
and incubated overnight at 4°C: mouse monoclonal caspase-1 (Santa Cruz Biotechnology sc-
56036) and IL-1β (Santa Cruz Biotechnology sc-7884). After washing with Tris-base buffered 
saline (TBS), tissue sections were incubated with rabbit anti-mouse or swine anti-rabbit 
(DAKO, Carpinteria, CA, USA) for 30 minutes at room temperature. To visualize proteins of 
interest, the biotin coupled ABC complex method was used with vector blue and 
counterstaining with nuclear fast red. Finally, tissue sections were treated with histosafe (3x3 
minutes) and mounted using vectamount. Control stainings were performed using an isotype 
control antibody, which revealed no staining. 
 
Semi-quantitative scoring 
Images taken at 25x, 100x, 200x and 640x using Zen Software were taken with the Axiophot 
Zeiss microscope. The slides were reviewed independently by two observers for assessment 
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of immunohistochemical staining.   Per section 4 fields were chosen and per field staining for 
six different compartments were evaluated: 1) alveolar epithelial cells, 2) bronchial epithelial 
cells, 3) endothelial cells, 4) macrophages, 5) proteinosis and 6) fibrosis. Next, the intensity of 
the staining was characterized using five predetermined scores (0=none, 1=mild, 2=moderate, 
3= above average, 4= high). 
  
Statistical methods 
To assess normality of distribution the Kolmogorov–Smirnov test was performed in SPSS. A 
p-value > 0.05 indicated normal distribution and was represented with means and standard 
deviations whereas non-normal distributions were indicated with median and interquartile 
range as shown in Table 1. A Mann-Whitney U test was performed with SAS (®) software to 
examine a significant difference between two groups. Univariate and bivariate analyses were 
used to examine correlations between the scores of staining of the proteins under investigation 
and quartz exposure data (Spearman's rho correlation coefficient, ρ). A p-value of < 0.05 was 
considered significant. 
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RESULTS 
Evaluation of H&E stained lung sections selected and matched for age, duration of quartz 
exposure (YOE, years of quartz exposure) and cumulative quartz exposure (mg/m³ * years) by 
2 pathologists at the MUMC revealed that four cases in the group of silicotics and 2 cases in 
the non-silicotic group were misclassified according the original autopsy protocol. These 
cases were excluded from the study. Subject characteristics of the 36 miners with silicosis and 
38 miners without silicosis of which the lung tissue was used in this study are summarized in 
Table 1. Both groups were well matched. 
 
Table 1: Subject characteristics. 
 

Age at death (years) 

Mean SD Mean SD
Cumulative quartz exposure (mg/m³ × years) 14.5 9.7 14.9 8.4

Median Interquartile Range Median Interquartile Range
Duration of quartz exposure (years) 8.6 15.1 10.3 13.5
Duration working in  Wismut mine (years) 3.0 4.0 4.0 4.0

Silicotics (n = 36) Non-silicotics (n = 38)
65 (41-81) 69 (48-82)

 
 
In Figure 1, representative images of H&E stained microscopic lung sections of one subject 
per group are shown. A typical example of pulmonary scarring in form of focal nodular 
lesions with particle deposition and inflammation, the concentric (onion skin) arrangement of 
collagen fibers with clear characteristics of hyalinization and peripheral cellularity, and 
massive fibrosis is shown for the silicotic group. In the non-silicotic group these characteristic 
silicotic nodules could not be observed, although other pathological effects of particle 
exposure such as mixed alveolar lipoproteinosis, neutrophylic granulocyte infiltration, mixed 
cell inflammation and fibrosis of alveolar septa are clearly detectable.  

 
Figure 1: Histological features of samples from miners with or without silicosis Representative 
image of H&E stained lung tissue of one subject in the silicosis group, showing pulmonary scarring in 
form of nodular lesions with particles and inflammation+ and nonsilicosis group .  with pathologically 
confirmed absence of silicotic nodules.  
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We next investigated the presence of inflammasome-related proteins and possible differences 
in expression patterns between both groups. Caspase-1 was detected in alveolar cells (→), 
bronchial epithelium (◄), in regions with proteinosis exudates (P), in fibrotic regions (F) as 
well as in macrophages (Δ) and endothelial cells (ε) (Figure 2). We semiquantitatively 
assessed the staining in each of these compartments individually and observed increased 
staining of caspase-1 in each compartment in lung tissue of silicotic miners when compared to 
non-silicotics (Figure 3). 

              
Figure 2: Representative images of caspase-1 immunohistochemistry. Caspase-1 expression 
was analyzed in human lung tissue by immunohistochemistry as a measure of inflammasome 
activation.  Pro-form and active forms of the enzyme are detected by vector blue staining, 
tissues were counter stained using nuclear fast red.  A representative image of one subject per 
group is shown. Symbols indicate caspase-1 expression in the alveolar compartment (→), 
bronchial epithelium (◄), macrophages (Δ), endothelial cells (ε), proteinosis exudates (P) 
and fibrotic regions (F).  
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Figure 3: Semiquantitative caspase-1 expression levels in predefined compartments of lung 
tissue of miners who developed silicosis versus miners without silicosis. Compartments are 
indicated as AL (alveolar), BR (bronchial), EN (endothelial), FI (fibrotic), MA (macrophage) 
and PR (proteinosis). For all vertical line plots the mid-point indicates the median and the 
whiskers indicate the interquartile range. Significant differences are noted as * when p<0.05 
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IL-1β was detected also in alveolar cells (→), bronchial epithelium (◄), in regions with 
proteinosis exudates (P), in fibrotic regions (F), as well as in macrophages (Δ) and endothelial 
cells (ε) as shown in Figure 4. Based on semiquantitative analysis, statistically significant 
increased staining of caspase-1 was observed in each compartment of silicotic miners when 
compared to non-silicotic subjects except in the endothelium and in exudate zones (Figure 5). 
 

 
 
Figure 4: Immunohistochemistry of IL-1β in human lung tissue. Interleukin-1β expression was 
analyzed in human lung tissue by immunohistochemistry as a measure of inflammasome activation. 
Pro-form and active forms of the inflammatory cytokine are detected by vector blue staining, tissue 
was counter stained using nuclear fast red. A representative image of one subject per group is shown. 
Expression was detected in the alveolar compartment (→), bronchial epithelium (◄), macrophages 
(Δ), proteinosis exudates (P) and fibrotic regions (F). 
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Figure 5: Semiquantitative interleukin-1β expression levels in predefined compartments of lung 
tissue of miners who developed silicosis versus miners without silicosis. Compartments are indicated 
as AL (alveolar), BR (bronchial), EN (endothelial), FI (fibrotic), MA (macrophage) and PR 
(proteinosis). For all vertical line plots the point indicates the median and the whiskers indicate the 
interquartile range. The asterix symbol above the connecting lines between plots represents 
significance (p<0.05) after a pairwise comparison.  
 
To further examine whether the amount and duration of quartz exposure was related to the 
expression levels of caspase-1 and IL-1 , correlations between these parameters were 
examined.   Within the group of silicotic miners, a statistically significant positive association 
was found between endothelial caspase-1 expression and years of exposure (R²= 329; p-value 
0.038). IL-1β expression in the endothelium furthermore positively correlated with 
cumulative quartz exposure (R²=0.327; p-value 0.042) in silicotics whereas no correlation was 
observed in non-silicotics. 
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DISCUSSION 
In this study, protein levels of caspase-1 and IL-1β were found to be increased in lung tissue 
of miners that developed pathological silicosis compared to age and quartz exposure matched 
miners that did not develop silicosis. Since caspase-1 is the most appreciated read-out for 
inflammasome assembly and activation, and IL-1 β the quintessential mediator released upon 
activation, these observations indicate significantly enhanced inflammasome activation in 
miners developing silicosis. Moreover, this activation was shown in a multitude of cellular 
compartments, including in macrophages, epithelial and endothelial cells.   
To our knowledge, localization of inflammasome activation to different cellular 
compartments has not been investigated in humans before. Inflammasome activation by silica 
was initially characterized in macrophages in vitro or in macrophages isolated from dust 
exposed animals [3, 4, 6, 7]. This study confirms that staining was observed in macrophages 
and that this was enhanced in the silicosis group. Statistically significant increased presence 
of both caspase-1 and IL-1β in bronchial epithelial cells as well as in alveolar regions of 
silicotic miners was observed. In vitro, inflammasome activation in bronchial epithelial cells 
in response to silica treatment has been shown [5]. Furthermore, in an animal model of 
environmental exposure inflammasome activation in these cells was demonstrated in vivo as 
well [12].  
The lung vascular endothelium is a critical component of the lungs that contributes to the 
pathogenesis of acute lung injury [13, 14]. Endothelial cells are postulated to be amplifiers of 
inflammation through the sensing and release of IL-1β [15, 16]. Post earthquake 
investigations in Japan revealed a higher silica concentration in BALF from diffuse alveolar 
hemorrhage (DAH) patients indicating a link between DAH and the inhalation of earth quake 
dust [17]. Hemorrhagic shock has been shown to lead to the association of TRX/TXNIP with 
NLRP3, leading to inflammasome activation and IL-1  secretion [18]. Interestingly, our 
recent data revealed that TRX could prevent silica-induced inflammasome activation in 
bronchial epithelial cells (In Press) demonstrating its function in multiple cell types. 
Together, these data indicate that not only silica in endothelial cells but also hemorrhage 
itself, which is more general in silicotics than would be expected, activates the inflammasome 
and therefore could explain the link between mine dust exposure and features of hemorrhagic 
conditions that involve increased caspase-1 activity in lung endothelial cells. 
Interestingly, inflammasome upregulation was shown in silicotics in particular. However, we 
did not find much staining in the hyalinized nodules and therefore, since the data are based on 
intensity scoring of caspase-1 and IL-1β in overall fibrous tissue, our significant differences 
could even be underestimated. Whether silicotic fibroblasts require the activation of the 
NLRP3 inflammasome only or other inflammasome subtypes are involved remains to be 
investigated. In line with the involvement of inflammasome in silicosis, it was already 
demonstrated that NLRP3 knockout mice develop less fibrosis in after exposure to silica [6]. 
This protection could be explained by the reduced levels of inflammation, but a direct effect 
of limiting inflammasome activation in fibroblasts could also underlie the phenotype. In 
support of the latter possibility, a study in systemic sclerosis (SSc), a disease characterized by 
fibrosis of the skin and visceral organs revealed increased expression of 40 genes associated 
with the inflammasome or downstream signaling molecules in fibroblasts derived from 
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patients versus controls. Inhibition of caspase-1 in primary skin and lung fibroblasts abrogated 
the secretion of collagens, IL-1β, and IL-18 [19]. Others reported caspase-1 expression in 
bronchiolar and alveolar epithelial cells, lymphocytes, neutrophils and macrophages in this 
bleomycin model [20]. These data suggest a key role for inflammasome activation in systemic 
fibrotic diseases.  
This study has demonstrated that an enhanced inflammasome response is associated with the 
development of silicotic nodules and massive fibrosis in human silicosis. Inflammasome 
activation thus occurs in many cellular compartments and it is likely that it participates in 
disease pathogenesis through various autocrine and paracrine signaling loops. Indeed, nodule 
formation, the deposition of ECM in and destruction of parenchyma are the result of 
synergistic effects derived from multiple cellular compartments. The underlying processes are 
furthermore not discontinued because of positive feedback loops of which the persistence of 
inflammasome activation is an example.  
Environmental materials are the major contributory factors to disease pathogenesis but not all 
individuals exposed to similar levels of exposure develop similar disease patterns which has 
led to the hypothesis of a genetic predisposition [21]. A substantial number of functional 
polymorphisms in inflammasome-related genes have been shown recently to influence 
individual susceptibility and are associated with the risk of development of pneumoconiosis. 
For example, polymorphisms in the gene coding for the interleukin-1 receptor antagonist, IL-
1RA, were associated with the risk of silicosis in Chinese workers exposed to silica particles 
[22]. In heat-shock proteins (HSPs), described as possible cofactors in inflammasome 
activation [23], a relationship between the genetic variation in constitutive and inducible 
HSP70 genes and the risk for coal workers' pneumoconiosis (CWP) among miners in 
southwestern China was also demonstrated [24]. Additionally, presence of genetic 
polymorphisms in NLRP3 itself conferred an increased risk for the development of CWP 
[25]. The differential inflammasome expression reported in this study supports a possible host 
predisposition rather than differences in expression levels fitting with the paradigm of a 
differential susceptibility to develop silicosis in humans. Moreover, given the positive 
correlations observed between indexes of exposure and inflammasome activation within the 
group of silicotic miners, this activation seems dose-related.  
The tissue samples of the German autopsy repository were very well conserved over time and 
the paraffin lung tissue samples could still be evaluated for typical hallmarks of silicosis by 
means of H&E staining, as described earlier [11]. In order to correctly classify the biopsies in 
silicotic and non-silicotic individuals, all slides were reviewed independently by 2 
pathologists. Findings in 6 miners were discordant from the original classification and were 
excluded from the study.  
Understanding the pathogenic processes promoting ECM deposition and hyalinization of 
collapsing bronchi and vessels in silicosis is of great importance to develop future therapeutic 
interventions in these and other fibrotic occupational disorders. Besides inflammasome 
activation in miners developing silicosis, this study demonstrated the association of 
inflammasome activation to exposure data in this group as well as involvement of different 
cellular compartments in disease development.  
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DISCUSSION 
Distinct gene expression patterns by asbestos and silica in epithelial cells related to 
differential phenotypic outcomes 
The pathological presentation of asbestosis vs. silicosis is complex and unique. The severity 
and extent of lesions may reflect durability of particulates, host susceptibility factors such as 
impaired clearance by smoking or infection, and immune responses governing lung repair as 
elaborated on in Chapter 2. The intensity and duration of exposure as well as sites of 
accumulation of particulates also appear to play roles in governing susceptibility, 
development, and progression of these lung diseases [1, 2]. Alternatively,  in this thesis it was 
hypothesized that the differential pathological presentation of asbestosis vs. silicosis may be 
related to initial responses of lung epithelial cells and could be dissected using modern 
techniques of molecular and protein biology. Results in Chapter 3 and 4 expand the notion 
that gene expression studies can predict and link acute responses of respiratory epithelial 
cells, the first cell type to encounter asbestos fibers or silica particles after inhalation, to 
biofunctional pathways leading to lung disease. Overall, the data demonstrate for the first time 
early alterations in both common gene expression that can be linked to inflammation and 
fibrosis by both pathogenic minerals and unique changes by asbestos or silica that may be 
intrinsically linked to either the development of lung cancers and mesothelioma or to massive 
inflammation and progressive nodular fibrosis, respectively. Importantly it was shown that 
one challenge of mineral exposure to epithelial cells led to alterations in genes that have been 
demonstrated earlier in clinical samples and could be proposed as biomarker candidates. 
Moreover studies in Chapter 3 and 4 also reveal altered expression of novel molecules in 
response to cristobalite silica and crocidolite asbestos that can be pursued in functional 
studies, thus permitting their evaluation as new targets in prevention and therapy of 
fibroproliferative diseases and cancers. These novel data are in line with recent findings 
suggesting that the hazards of fibered dust mainly include the induction of direct toxicity by 
altering signaling pathways involved in carcinogenesis and proliferation, while granular dust 
shows indirect toxicity by altering signaling pathways involved in inflammatory processes 
[3]. Additionally, this work indicates that toxicological testing of particulates by surveying 
viability and/or metabolic activity is insufficient to predict their pathogenicity. Moreover, they 
show that acute responses of the lung epithelium can be indicative of pathologic potential 
using either immortalized lines or primary cells. Classical toxicity tests are still mandatory for 
many new and old ‘controversial’ particulates. Therefore assessment of the degree and 
magnitude of these responses by microarrays in vitro could be predictive in determining the 
pathogenicity of potentially harmful molecules. Crystalline silica was stated to be a Class I 
carcinogen by the IARC in 1997, despite inconsistent epidemiological data and the fact that 
its carcinogenic potential in non-smokers remains controversial. Our studies in Chapter 3 and 
4, lend further support to the classification by IARC, as carcinogenic pathways were shown to 
be induced by cristobalite silica in lung epithelial cells. Lastly, it should be noted that lung 
cancer induction by silica was demonstrated earlier in rats, but not in mice and hamsters, 
indicating species-dependent differences in epithelial and granulomatous reactions.   
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Inflammasome in epithelial cells 
A group of genes related to the inflammasome as well as to caspase-1 signalling and the pro-
inflammatory cytokine IL-1β was identified in the available microarray dataset in the BEAS-
2B cell line and primary human bronchial epithelial (NHBE) cells exposed to silica and 
asbestos described in Chapter 3 and 4. The further aim of this thesis was to deliver a better 
understanding of inflammatory responses and mucosal immunity initiated by first line barrier 
epithelium in the lung in response to harmful particulates and fibers. Because of the emerging 
role of the inflammasome in a cadre of diseases, this danger sensing multiprotein complex 
became the main focus of investigation. As demonstrated by a first general review of 
inflammasome expression in epithelial cells in Chapter 5, these cells in many organs should 
be considered as highly important mediators of innate immune signaling. Further laboratory 
research to dissect out the role of epithelial inflammasomes to the mechanisms of 
inflammation in various organs is encouraged. Epithelial-specific conditional knockout 
models and transgenic animal studies will be a necessary approach to determine the 
importance of this contribution more profoundly. Next in Chapter 6, the presence and 
functional activation of the NLRP3 inflammasome by cristobalite silica in human lung 
epithelial cells was revealed. Cross-talk between epithelial cells and fibroblasts is a pivotal 
event contributing to the development of lung fibrosis. Basic fibroblast growth factor (bFGF) 
promotes the proliferation of fibroblasts and is indicated in the development of IPF. Our 
findings showed that inflammasome activation by silica in epithelial cells leads to enhanced 
bFGF release and is linked to fibroblast proliferation [4]. Interestingly, since our data were 
published others also demonstrated that conditioned medium from multiwall carbon 
nanotubes-treated bronchial epithelial cells induced inflammasome activation and 
significantly increased mRNA expression of pro-fibrotic markers (TIMP-1, tenascin-C, 
procollagen 1, and osteopontin) human lung fibroblasts. Furthermore, this study demonstrated 
reduced induction of pro-fibrotic markers when IL-1β, IL-18 and IL-8 neutralizing antibodies 
were added to the conditioned medium or when conditioned medium from NLRP3 siRNA 
transfected cells was used [5]. These data thus paralleled and expanded upon our findings of 
epithelial cell directed and NLRP3-dependent fibroblast proliferation. These findings open 
new avenues in the development of more effective therapies for the numerous debilitating 
diseases with an acute and chronic inflammatory as well as fibrotic component.                                     

Role of crystallinity and polymorphs in inflammasome activation in vitro and in vivo 
During crushing and grinding of silica-containing materials, the reactive sianols (SiOH) and 
dangling bonds (SiO•) generated at the surface in cleavage planes may interact with molecular 
oxygen to produce surface radicals as well as particle-derived ROS such as hydrogen peroxide 
(H2O2) and damaging hydroxyl radicals (HO•) as well as RNS. Inhaled particles are factors 
that disturb homeostasis and induce an inflammatory response. It has been established that 
freshly fractured silica dust has an increased pathogenic potential compared to aged silica dust 
because surface reactivity diminishes over time as reactive surface molecules dissipate [6]. 
These data suggest that oxidants are intrinsic to the damaging effects of these pathogenic 
particles after inhalation. Amorphous silica, as opposed to respirable crystalline silica 
particles, is less associated with lung inflammation and pulmonary fibrosis (silicosis) in 
experimental animal models and man. In order to further link the extent of changes in gene 
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expression and cytokine production to silica crystallinity and pathogenicity in silicosis, 
amorphous particles and/or glass beads were used as controls in the experiments described in 
Chapters 4 and 6. Here it was demonstrated that gene expression changes as well as release 
of cytokines and chemokines from epithelial cells after asbestos or silica exposure, are less 
striking or absent after exposures to amorphous silica. The particle surface reactivity of 
crystalline silica has been long recognized as an important feature to their pathogenic hazard 
as reviewed by several authors [7, 8]. Effects of silica quartz on human lung epithelial cells 
and rat lung epithelial cells and macrophages have been shown to be determined by its surface 
reactivity [9-11]. Exemplary, surface modification using various compounds including 
aluminium or the polymer polyvinylpyridine N-oxide (PVNO) drastically affected the ability  
of modified particles to generate ROS, to induced oxidative stress and  downstream activation 
of pro-inflammatory signaling, as well as the development of pulmonary inflammation, 
toxicity and fibrosis in vitro and in vivo [12, 13]. In line with these findings, results in 
Chapter 7 indicate the pivotal role of surface reactivity of crystalline silica to activate the 
inflammasome in cultures of both epithelial cells and macrophages in vitro. Crystalline silica 
polymorphs, cristobalite silica and α-quartz, increased inflammasome readout levels at equal 
surface-area characteristics and were demonstrated to be associated with caspase-1 enzymatic 
activity in a surface reactivity dependent manner. In addition, DQ12 quartz exposure in rats 
induced acute and chronic functional activation of the inflammasome in the heterogeneous 
cell populations of the lung in association with its crystalline surface reactivity. In order to 
start addressing the etiological link between cell–particle surface interactions and subsequent 
inflammasome activation, it would first need to be established whether uptake in the cell is 
pivotal for subsequent reactions and imbalances of signaling that could lead to inflammasome 
activation. In Chapter 4 this uptake was demonstrated from 2 hours post exposure and in 
Chapter 6 uptake dependency of inflammasome activation was revealed.  With respect to 
silica crystal induced carcinogenicity in rats the influence of PVNO coating on crystalline 
particle-induced inflammasome activation in relation to silica induced carcinogenesis 
suspensions could be examined further.  
 
Upstream mechanism leading to inflammasome activation 
Both cristobalite and amorphous silica particles interacted with cells at 2h and were 
internalized by 24h (Chapter 4). Studies with PVNO-coated particles revealed similar but 
delayed internalization and protective effects with respect to toxicity, DNA damage, and 
inflammation and fibrosis development [11, 12]. In Chapter 6, the necessity of silica uptake 
to the induction of inflammasome activation was assessed by blocking active filament 
rearrangements in the cells. These experiments further demonstrated that silica induced 
inflammasome activation in epithelial cells was able to induce secondary fibroblast 
proliferation. ROS generation is essential for cell signaling and several important 
physiological responses, whereas excessive accumulation of ROS can lead to cellular damage 
and death. Furthermore, ROS production has been shown to be an inducer of inflammasome 
activation in myeloid cells [14-16] and in in vivo animal models [17, 18]. Uptake of silica 
polymorphs, NADPH oxidase activity and ROS formation has also been linked to NLRP3 
inflammasome activation in THP-1 macrophages and bone marrow-derived dendritic cells 
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[17, 19]. In addition, exposure to silica is known to result in ROS generation in bone marrow-
derived macrophages from both wild type and Nlrp3−/− mice, suggesting that ROS generation 
is upstream of NLRP3 activation [20]. Although we did not measure ROS levels, we have 
indications of ROS involvement in silica-induced inflammasome activation. First, it was 
demonstrated by others that PVNO coating inhibits the intrinsic ROS properties of DQ12 
quartz [11, 13]. Subsequently, it was shown that such modification abrogates the induction of 
oxidative DNA damage responses in lung epithelial cells in vitro [11, 21] and in rat lungs in 
vivo [13]. PVNO coating has also specifically been shown to abrogate the formation of ROS 
by phagocytic cells and lead to lower ROS levels in lavage fluid of exposed rats [12, 13]. In 
association with this, PVNO modification also had profound effects on the induction and 
persistence of pulmonary inflammation [22], as well as the cellular uptake of silica particles 
and their clearance from rat lung [9]. Together with our additional proof for in vivo surface 
reactivity-dependent inflammasome activation by means of caspase-1 activity in the BALF 
we conclude that PVNO coating is associated with reduced ROS formation and reduced 
inflammasome activation. 
In myeloid cells, inflammasome-activating ROS is predicted to be generated by a NADPH 
oxidase which is known to be assembled and activated upon phagocytosis of microbes and, 
importantly, inflammasome activation was abrogated by a NADPH oxidase inhibitor [15, 17].  
The ability of TRX to reduce a variety of protein disulfides, suggests that it also possibly 
catalyzes the formation of correct disulfides during protein folding. TXNIP has been 
identified as a binding partner of reduced thioredoxin. TXNIP directly interacts with the 
redox-active domain of TRX, and is thought to function as a negative regulator of the TRX 
reductase activity. In normoxic homeostasis TXNIP is bound to TRX and after oxidative 
stress, the TXNIP-dependent repression of TRX is released. The dissociation of TRX from its 
inhibitory protein TXNIP is associated with increased levels of TXNIP in the cytosol.  Zhou 
et al. demonstrated that after dissociation of the TXNIP-TRX complex, the unbound TXNIP 
positively regulated the NLRP3 inflammasome induced by uric acid crystals [15]. 
Accordingly, the TRX/TXNIP axis has been described as a redox switch, the redoxisome with 
the rational that increasing TRX or decreasing TXNIP expression, can reduce the possibility 
for unbound TXNIP to activate the inflammasome. Additionally, TXNIP is demonstrated to 
be a vital signaling connection linking ER stress and inflammation [23] and modulation of the 
TRX/TXNIP axis is reported to be beneficial for preventing hyper inflammation [24]. 
Extracellular thioredoxin was demonstrated to be incorporated into cells with intracellular 
effects [25]. Our findings of increased TXNIP mRNA levels upon exposure to silica fuelled 
the idea that the TRX/TXNIP axis could have an important regulatory function in epithelial 
inflammasome activation.  In Chapter 7 the inhibitory capacity of the antioxidant TRX to 
inflammasome activation by overexpression as well as by exogenous administration was 
indeed demonstrated. A recent publication with experiments using asbestos fibers and their 
interaction with mesothelial cells accordingly associated a role for TRX as they showed that 
TXNIP downregulation decreased inflammasome activation and TRX overexpression 
prevented pyroptosis, proving again that this axis is not restricted to myeloid or epithelial cells 
[26].  
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Other hypothesized mechanisms, however not the main focus here, have been described to 
contribute to inflammasome activation [27-29].  Different damage-associated molecular 
patterns, such as silica crystals, aluminium salts, uric acid, cholesterol crystals, double-walled 
carbon nanotubes (DWCNTs) etc., can induce lysosomal destabilization when phagocytized 
or internalized [30-32]. This lysosomal damage or leakage, associated with cathepsin B 
activity, is linked to inflammasome activation [30-33]. Others report endogenous danger 
signals such as silica and uric acid crystals that conjecture a requirement for potassium efflux 
through the ATP-gated channel P2X7. Consistently phagosomal acidification, inhibition of 
cathepsin B's activity, antagonism of P2X7 or blockade of potassium efflux were shown to 
blunt the activity of the inflammasome [34-36]. 
 
Inflammasome activation in human silicosis  
Pneumoconiosis takes several years to develop depending on the exposure level of silica [1, 
37]. In Chapter 8 data describe inflammasome activation in lung autopsy material of miners 
by means of its most appreciated activity readout caspase-1 and its released mediator IL-1β. 
In the analysis differential inflammasome expression between silicotic and non-silicotic 
miners was demonstrated. In addition this study provides insight into the relation between the 
development of typical silicotic nodules and inflammasome activation. Animal knock out 
studies demonstrated inflammasome dependence of the development of fibrotic hallmarks in 
mice [17, 20, 38] and some inflammasome activation has been described in other inhalational 
diseases such as COPD [39-42]. However, for pneumoconiosis no other reports have 
described inflammasome activation in multiple cellular compartments of human lung samples.  
Environmental materials are the major contributory factors to disease pathogenesis but not all 
individuals exposed to similar levels of exposure develop similar disease patterns, which has 
led to the hypothesis of a genetic predisposition [43, 44]. Several reports have linked various 
single nucleotide polymorphisms in different genetic components of inflammasome-forming 
NLRs to the risk of development of pneumoconiosis and autoimmunity. For example, 
polymorphisms in the gene coding for NLRP3, heat-shock proteins (possible cofactors in 
inflammasome activation [45] as well as the interleukin-1 receptor antagonist were associated 
with the risk for coal workers' pneumoconiosis (CWP) and silicosis workers exposed to silica 
particles [46-49]. 
 
FUTURE DIRECTIONS 
The challenge that lies ahead in this field of research is to establish mechanisms underlying 
toxicological responses to inhaled particles leading to interstitial fibrosis. For instance, by 
further studies on the effect of crystalline silica surface modifications in which we will 
employ polyvinylpyridine N-oxide (PVNO) coated silica. In parallel, the relative response of 
myeloid versus epithelial cells from wild-type and knock-out mice following silica exposure, 
next to bone marrow transplantation experiments and tissue specific knockout models, should 
be addressed.  
Both silicosis and asbestosis can be induced by intratracheal instillation, by nasal or 
oropharyngeal aspiration, or by inhalation of mineral particles. A well-characterized silica-
based model of inflammation and fibrogenesis can facilitate to gain insight into the role of age 
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and aging in the development of pulmonary fibrosis in general. Given the data obtained and 
literature on the inflammaging theory of ageing possibly underlying a multitude of age-related 
diseases, it can be of particular interest to examine the involvement of the NLRP3 
inflammasome in the processes of aging as well as fibrosis. Since physiological alterations 
occur with age in the immune and pulmonary systems, and silica activates NLRP3 in both, the 
focus should be on aging and senescence of both systems as well.  
 
 
CONCLUDING REMARKS 
Common and repeated cycles of fiber/particle uptake, inflammation, and deposition within the 
lung interstitium may perpetuate the development of asbestosis and silicosis. However, the 
pathologic presentation of both diseases is distinct and may progress in the absence of further 
exposures to minerals. Disease incidence has declined in the mining industry of developed 
countries but is still prevalent and especially of health concern in many poorly surveyed 
countries with less compliance towards regulatory standards as well protective measures and 
prevention of exposure to workers. No curative treatment exists currently against silicosis of 
which new outbreaks still occur occasionally. There are no effective regimens for treatment or 
cure of these diseases although new agents may be indicated based upon novel observations 
such as inflammasome activation and gene profiling that may be linked to early disease. As 
the number of new substances used in industry proliferates, the challenge to identify 
pathogenic substances increases. Many known pathogenic substances are being substituted by 
new materials, but the possibility that these new substances may be pathogenic requires 
vigilance. 
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SUMMARY  
The aim in the first part of this thesis was to provide more insight into the pathobiology of 
occupational lung diseases by investigating how exposure to different crystalline and 
amorphous mineral particles and fibers can give rise to several changes in gene expression 
patterns in bronchial epithelial cells. 
Already in the 16th century it was described that exposure to mineral particles is associated 
with pulmonary disorders including fibrotic lung diseases. Pneumoconiosis refers to a group 
of non- neoplastic lung diseases that result from the inhalation of organic and non-organic 
particles which are unable to be removed by the natural defense mechanisms in the lung 
tissue. Asbestosis and silicosis are the two most studied diseases associated with the 
accidental or occupational inhalation of different silica polymorphs.  
In Chapter 2 of this thesis, we provide a literature study that bundles both physicochemical 
aspects and molecular mechanisms and experimental pathology within environmental 
toxicology and more specifically in the context of asbestosis and silicosis. In Chapter 3, an 
example is given of how gene expression analysis in an in vitro model can provide a 
prediction for the acute response of lung epithelial cells, the first cells that come in contact 
with asbestos fibers or silica particles. In addition, these reactions could be linked to bio-
functional signal transduction cascades that can lead to specific forms of these lung diseases. 
Accordingly, many of these changes can be linked to clinical biomarkers in patient samples 
exposed to asbestos fibers or silica particles. In summary, our data indicate early changes in 
both common gene expression, which can be coupled to both pathogenic fibrosis caused by 
minerals, as well as unique gene expression changes by silica that promote connective tissue 
formation, and by asbestos which are inherent in the development of lung cancer and 
mesothelioma. Our analysis identified new target molecules which could contribute to 
innovations in the diagnosis and therapy of fibroproliferative diseases and cancer. 
Furthermore, in Chapter 4, we demonstrate that surface characteristics of crystalline silica 
are decisive for the acute response of lung epithelial cells. As a result, this in vitro model is an 
alternative tool instead of expensive and time-consuming in vivo toxicological animal studies 
in order to study the potential adverse effects of environmental particles. 
For the second part of this thesis we investigated the response to exposure to harmful particles 
and fibers in epithelial cells of the lungs, with a focus on the inflammatory responses and the 
mucosal immunity. Given our findings in in vitro studies and the emerging role of the danger-
detecting multi-protein, called the inflammasome, this molecule was the main focus of 
research in this section. 
In Chapter 5 we demonstrated, based on a review about inflammasome expression, a present 
variable set of inflammasome subtypes in epithelial cells of different organs, possibly working 
cooperatively to strengthen the immune response and distinguish themselves with respect to 
the release of several mediators. As a result, it appears that inflammasome activation and 
subsequent release of "alarming" proteins is not limited to macrophages, indicating that 
epithelial cells can be considered as important cells of the immune system.  
With regard to the lungs, the inflammasome hitherto was mainly described in cells of the 
myeloid compartment. The presence and functional activation of the NLRP3 inflammasome 
in lung epithelial cells was therefore examined in Chapter 6.  It was proved that cristobalite 
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silica in human lung epithelial cells in vitro increases the processing and secretion of 
inflammatory and alarmin proteins in bronchial epithelial cells. Further, we demonstrated that 
the release of these proteins, such as interleukin-1β, is regulated by the NLRP3 
inflammasome and that secretion of bFGF and HMGB1 is dependent on silica particle uptake. 
An important observation was that fibroblast proliferation is affected by exposure to bronchial 
epithelial cell conditioned medium, which indicates a complex crosstalk between the various 
cell types described above and a possible role for the inflammasome in the development of 
lung fibrosis. 
Subsequently in Chapter 7, it was confirmed that inflammasome activation also occurs after 
exposure to crystalline polymorphs. If the surface reactivity of these particles was modified, 
the release of NLRP3-associated inflammatory and fibrotic mediators and alarm signals from 
both lung epithelial cells and differentiated macrophages was affected. Further, thioredoxin 
had the potential to modulate silica-induced caspase-1 activity in both cell types. In the last 
part of this chapter, inflammasome activation was measured by means of the detection of 
caspase-1 cleavage products in the lavage fluid of quartz exposed rats at different time points. 
This pointed towards persistent inflammasome activation in different cellular and interstitial 
compartments of the rat lung, which could be reduced by surface modification of the quartz 
particles. 
Using immunohistochemical experiments with human autopsy samples, it was possible in 
Chapter 8 to integrate the results of basic fundamental research and extrapolating them into 
clinical research. Here, we demonstrated semiquantitatively increased caspase-1 and 
interleukin-1β expression levels in multiple predetermined cellular compartments of the lung 
tissue of miners that have silicosis versus miners without silicosis. Moreover, the fact that 
both groups were exposed to similar amounts of dust suggests that exposure is not the only 
root of inflammasome activation. In addition to a possible role for inflammasome activation 
in silicosis development of miners, this study demonstrated the involvement of different 
cellular compartments in the development of the disease. 
In summary, the studies described in this manuscript reveal possible alternative ways to 
diagnose interstitial lung diseases.  As we were also able to show a significant role for 
inflammasome activation in lung epithelial cells and consequently on fibroblasts, two major 
cell types involved in the underlying inflammation and fibrotic aspects of silicosis, this 
multiprotein could be a very interesting therapeutic target. Especially since the possible 
extrapolation of the data into human experiments, the clinical relevance of these findings is 
increased. Our review regarding inflammasome expression and functional activation in 
multiple epithelial barriers of different organs further underlines the importance of continued 
research which in turn can create possible routes for innovations in the therapeutic field of a 
variety of inflammatory diseases. Overall, this research may thus give rise to the possible 
development of new diagnostic and therapeutic agents to monitor and combat the effects of 
the dust exposure. 
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SAMENVATTING  
Sinds de 16de eeuw werd beschreven dat blootstelling aan minerale deeltjes geassocieerd is 
met longstoornissen waaronder fibrotische longziekten. Pneumoconiosis refereert naar een 
groep niet-neoplastische longziekten die ontstaan door het inhaleren van organische en niet-
organische deeltjes die niet verwijderd kunnen worden door het natuurlijke afweersystem in 
het longweefsel. Asbestose en silicose zijn de twee meest bestudeerde longaandoeningen 
veroorzaakt door het inhaleren van verschillende silica polymorfen. Dit werd In hoofdstuk 1 
beschreven als algemene inleiding. 
De doelstelling van dit proefschrift is meer inzicht krijgen in de pathogenese van silicosis and 
asbestosis. In het eerste deel van dit proefschrift hebben we bestudeerd hoe blootstelling aan 
verschillende kristallijne en amorfe minerale deeltjes alsook vezels aanleiding kan geven tot 
diverse veranderingen in genexpressie patronen in bronchiale epitheliale cellen, en hierdoor 
meer inzicht te krijgen in de pathobiologie van interstitiële longaandoeningen.   
 
Hoofdstuk 2 omvat een literatuurstudie die zowel de fysico-chemische aspecten als de 
moleculaire mechanismen en de experimentele pathologie binnen de omgevings toxicologie 
beschrijft, met focus op asbestose en silicose. Tot nu toe bestaan er geen effectieve 
behandeling voor het genezen van beide ziektebeelden die een uiteenlopende 
histopathologisch beeld hebben. Omdat asbestose en silicose zo distincte histologische 
karakteristieken vertonen werd in hoofstuk 3, in een in vitro model, een voorbeeld gegeven 
hoe genexpressie analyse een predictie kan verschaffen wat betreft de acute reactie van long 
epitheel cellen, die als eerste in contact komen met asbest vezels of silica deeltjes. Bovendien 
konden deze reacties gelinkt worden aan biofunctionele signaaltransductie cascades die 
geassocieerd zijn met specifieke vormen van deze longziekten. Veel van deze veranderingen 
kunnen worden gekoppeld aan biomarkers in klinische patiënten materiaal blootgesteld aan 
asbestvezels of silica deeltjes. Kortom, onze data geven vroege veranderingen aan in zowel de 
gemeenschappelijke genexpressie, die kan worden gekoppeld aan fibrose veroorzaakt door 
beide pathogene mineralen, alsook aan unieke genexpressie veranderingen door silica die 
bindweefselvorming bevorderen en door asbest die inherent zijn aan de ontwikkeling van 
longkanker en mesothelioom. Onze analyses brachten ook vele nieuwe moleculen aan het 
licht die in functionele studies kunnen worden getest als mogelijk doelwit wat zou kunnen 
bijdragen aan innovatie in detectie en therapie van fibroproliferatieve ziekten en kanker. 
Verder werd in hoofdstuk 4 onderbouwd op basis van de vergelijking met amorfe silica dat 
de oppervlakte karakteristieken van kristallijn silica bepalend zijn voor de acute reactie van 
longepitheelcellen. Hierdoor is er met dit in vitro model een alternatieve methode voor 
handen ten opzichte van duurdere en tijdrovende in vivo toxicologische dierstudies om 
mogelijke predicties te doen wat betreft de potentiële schadelijke effecten van 
omgevingsdeeltjes. 
Het tweede deel van dit proefschrift had het doel om een beter begrip te krijgen wat betreft 
ontstekingsreacties en mucosale immuun reacties die ontstaan als reactie op schadelijke 
deeltjes in long epitheel cellen. Gezien bevindingen in onze genexpressie studies en vanwege 
de opkomende rol van het gevaar detecterend multiproteine, het inflammasoom genaamd, 
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werd dit complex in het tweede deel van het proefschrift de belangrijkste focus van het 
onderzoek. 
In hoofdstuk 5 werd door middel van een overzicht van inflammasoom expressie in 
epitheliale cellen van verschillende organen een set aan inflammasoom subtypes benoemd, 
die mogelijk coöperatief de immuun respons kunnen versterken en zich onderscheiden in de 
vrijstelling van verschillende mediatoren. Hiermee tonen we aan dat inflammasoom activatie 
en daaropvolgende vrijzetting van “alarmerende” eiwitten niet beperkt is tot macrofagen en 
dat epitheelcellen beschouwd kunnen worden als zeer belangrijke cellen van het 
immuunsysteem.  
Een belangrijke rol voor het inflammasoom in silicose werd eerder aangetoond, maar dit gaat 
voornamelijk uit van een rol in professionele immuuncellen. In hoofdstuk 6 was de 
aanwezigheid en functionele activering van het NLRP3 inflammasoom door cristobaliet silica 
in humane long epitheelcellen in vitro onderzocht. Er werd bewezen dat silica de verwerking 
en secretie vergroot van ontstekings- en alarm eitwitten in bronchiale epitheelcellen. Verdere 
aanwijzingen dat vrijzetting van deze eiwitten, zoals interleukin-1beta, wordt gereguleerd 
door het NLRP3 inflammasoom en dat de secretie van bFGF en HMGB1 afhankelijk is van de 
opname van de silica deeltjes. Een belangrijke observatie was ook dat fibroblast proliferatie 
beïnvloed wordt door blootstelling aan bronchiale epitheliale cellen geconditioneerd medium 
wat duidt op een belangrijke communicatie tussen de verschillende celtypen hierboven 
beschreven en een mogelijke rol voor het inflammasoom in de ontwikkeling van longfibrose.  
Aansluitend hierop en met de kennis van hoofstuk 4 waarin we het belang van oppervlakte 
eigenschappen van silica deeltjes aantoonden, werd in hoofdstuk 7 bewezen dat deze 
inflammasoom activatie ook optreedt na blootstelling aan kristallijne polymorfen en dat de 
oppervlakte reactiviteit van deze deeltjes de vrijzetting van NLRP3-geassocieerde 
inflammatoire en fibrotische mediatoren en alarmsignalen van zowel longepitheelcellen als 
gedifferentieerde macrofagen kon beïnvloeden. Verder kon het antioxidant eiwit thioredoxine 
de silica-geïnduceerde caspase-1 activiteit in beide celtypes dempen. Bovendien werd in dit 
hoofdstuk inflammasoom activatie, aan de hand van de detectie van gekliefde caspase-1 
producten in lavage vocht van silica blootgestelde ratten gestaafd op verschillende tijdstippen 
na blootstelling aan kwarts. Hierbij toonden we met immunohistochemie aanhoudende 
inflammasoom activering, die wordt verminderd door oppervlaktemodificatie van de 
kwartsdeeltjes, aan in verschillende cellulaire en interstitiële compartimenten van de rat long. 
Met behulp van immunohistochemische experimenten op humaan autopsie materiaal was het 
in hoofdstuk 8 mogelijk om de resultaten van het hoger beschreven fundamenteel onderzoek 
te extrapoleren naar de kliniek. Hier laten we verhoogde expressie niveaus zien van caspase-1 
en interleukine-1β in meerdere cellulaire compartimenten van het longweefsel van 
mijnwerkers met silicose in vergelijking tot mijnwerkers zonder silicose. Daarenboven is de 
blootstelling gelijk tussen beide groepen en kan dus gezegd worden dat blootstelling alleen 
niet aan de basis ligt van inflammasoom activatie. Naast een mogelijke rol voor 
inflammasoom activatie in silicose ontwikkeling van mijnwerkers, toonde deze studie de 
betrokkenheid aan van verschillende cellulaire compartimenten in de ontwikkeling van de 
ziekte.  



Chapter 10 – Summary/Samenvatting 

 
225 

 

Samengevat beschrijven de studies uitgevoerd in dit proefschrift een mogelijk alternatief voor 
de diagnose van interstitiele aandoeningen. Aangezien we in staat waren om een belangrijke 
rol toe te schrijven aan inflammasoom activatie in epitheelcellen en vervolgens een 
interessant effect zagen op fibroblasten, twee belangrijke celtypes betrokken bij de 
onderliggende ontsteking en fibrotische kenmerken van silicose, kan dit multiprotein een 
aanmerkelijk therapeutisch doelwit zijn. In het bijzonder door de extrapolatie van onze data in 
humane experimenten, is de klinische relevantie van deze bevindingen en dus de aandacht tot 
focus op dit therapeutisch doelwit molecule nog sterker toegenomen. Het belang van de 
inflammasoom in de epitheliale barrières van verschillende organen geeft  aanleiding  tot 
verder onderzoek en mogelijke routes voor innovaties in het therapeutische gebied van 
diverse ontstekingsziekten Kortom, dit onderzoek kan derhalve leiden tot de mogelijke 
ontwikkeling van nieuwe diagnostische en therapeutische middelen tegen de effecten van de 
stofblootstelling. 
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VALORISATION PARAGRAPH 
By definition, pneumoconiosis refers to a group of diseases that are caused by the inhalation 
of organic and inorganic dusts that remain in the lung. It is one of the most important 
occupational lung diseases especially in under developed countries. Many fibrotic diseases 
nowadays are furthermore becoming leading causes of morbidity and mortality in the aging 
population of western society. Each year circa 450.000 persons die because of the 
consequences of pneumoconiosis. Although disease incidence has declined in developed 
countries, it is still prevalent and especially of health concern in many poorly surveyed 
countries with less compliance towards regulatory standards as well as protective and 
preventative measures of exposure to workers. The actual total figure of prevalence and 
incidence of death might be much higher since under-diagnosis and under-reporting are quite 
common. No curative treatment exists currently against silicosis, stressing the urgency of the 
problem. While significant progress has been made in our understanding of the biology of 
inflammation, fibrosis and aging in recent years, their interrelations remain largely 
speculative. Further investigation of the real etiopathology of the disease is therefore still very 
important. In this thesis, it is reported that crystalline particles and fibers activate an important 
multiprotein named the inflammasome (and possibly also other subtypes) which is involved in 
the progress of the disease symptoms and its development. The observation that it was 
possible to extrapolate in vitro and animal work data of visualized  inflammasome activation 
into the clinical patients with pneumoconiosis has, in addition to its scientific evidence, a 
huge social relevance for many reasons. 
 
In addition to the academic community, these research results can be important for a 
multitude of persons with a broad spectrum of varying interests. First of all, miners or others 
that are occupationally or accidentally exposed, but also their family members or civilians 
with much interest in medical facts or environmental research can benefit from the important 
new information. Dissemination of awareness about the irreversibility of the disease will lead 
to better preventive strategies for miners as well as mining companies to reduce the risk of 
exposure. Occupationally exposed workers will be more informed than before and 
everywhere it can be expected to have better compliance to reduce risk standardized 
protocols. This has a big impact on general safety and will lead to improved patient 
management. Unfortunately, a paradigm shift with respect to worldwide preventive 
approaches is still mandatory. 
 
The results could immediately lead to adapting standard operating protocols by including 
immunological staining in biopsy material from persons with a high risk factor for disease 
development patients. Implementing additional methodology to enrich diagnostic medical 
imaging procedures to screen for disease pathology in humans will be innovative. As a result 
and for obvious reasons insurance companies that are occupied with single or familial autopsy 
cases will also benefit from the exposure to these research results. With no huge risks 
involved, new standard operating procedures for workers either or not related to occupational 
medicine can be implemented consisting of biomarker measurements in lavage fluid of 
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patients or by staining resection material, all in parallel with existing medical imaging 
procedures.  
 
With indications of new avenues in silicosis diagnostics supporting ongoing medical imaging 
it is clear that research and development departments of pharmaceutical companies will be 
very interested to start and evaluate the processing of new diagnostic kits that will facilitate 
early diagnosis of the disease. In the field of biopharmaceutical developments, early detection 
via the development of disease with diagnostic kits could improve quality of life of hundreds 
of thousands of workers annually worldwide. Moreover, there could be an impact 
economically as further substantiated results will lead to attract funding, spin-off 
collaborations and the creation of more jobs. With respect to pharmaceutical diagnostic tools, 
product research & development and public relations as well as media we see largely 
enhanced market opportunities. With optimized communication tools and collaborators in 
taskforces the cost can remain very low. Development of innovative kits by spin-off or 
pharmaceutical companies will be very costly depending on size of production and types of 
specific antibodies, however the return of investment is gigantic and societal impact on job 
creation could also be improved. Aside from the existing product developing companies, it 
could also be interesting for startup entrepreneurs that have the idea to think globally on mask 
fabricating industry in line with offering optimized tools to people that may help decrease the 
risk of exposure to harmful particulates. Lastly, animals and animal activists profit since the 
findings will help to refine, reduce and replace the animal experiments in the future. All 
together, these results will have a not negligible societal impact. 
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